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An Experimental Multi-Notch Control 
Equipment for London Transport Tube Railways. 


By E. H. CROFT, A.M.Inst.C.E., A.M.I.E.E., 


Traction Control Department, Witton Engineering Works. 


N view of the many extensions recently added to 
the electrified railway systems of the London 
Passenger Transport Board it has been found 

necessary not only to increase the rolling stock 
available by a considerable amount, but also to 
provide the new stock with electrical traction equip- 
ment which would give a higher acceleration and 
speed. A further requirement was that the new 
stock should carry at least as many passengers per 
train as the existing stock. 

The Transport Board therefore ordered several 

experimental trains of a completely new type to 


satisfy these requirements and it is proposed in this 
article briefly to describe some of the many interesting 
features of the six experimental control equipments 
supplied by the G.E.C. 


PROBLEMS GOVERNING GENERAL DESIGN. 


The development of a traction equipment to 
meet the demands of the Transport Board presented 
some difficult problems. In the first place it should 
be appreciated that the Transport Board controls 
a large network of railway systems, some of which 
run in subways just below the surface and use 





Fig. 1..-A view inside one of the coaches of the new experimental trains 
for the London Passenger Transport Board. 
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rolling stock of similar dimensions to that of ordinary 
main line railways. On the other hand, part of the 
network consists of “‘tube’’ railways situated at a 
considerable depth below ground level and the 
rolling stock employed must conform to the com- 
paratively restricted dimensions of the tubes in 





Fig. 2. Illustrating the stepping-up of the underframe on existing 
motor coaches to accommodate the motors in the driving bogie. 


which they operate. Essential characteristics of 
“tube’’ stock are therefore a low floor height and a 
small wheel diameter. 

In order to compare the new experimental trains 
with the existing stock it is necessary to give some 
brief details of the latter. A normal train consists 
of seven coaches, three of which are motor coaches 
and four are trailer coaches. Such a train has the 
maximum length which most of the stations can 
accommodate. Each motor coach is equipped with 
two 240 h.p. motors both mounted in one of the two 
bogies of the coach, giving a total h.p. per train of 
1,440 h.p. In order to accommodate these motors 
the under-frame of the coach is stepped up above 
the bogie as shown in fig. 2. The space above this 
bogie is of insufficient height to carry passengers and 
it is therefore used to accommodate the control 
equipment which cannot be mounted under the 
car. Such a train is capable of an acceleration 
slightly higher than 1 m.p.h. per second and a 
maximum speed of about 50 m.p.h. It has the 
objection that in the event of passengers desiring to 
pass from coach to coach when the train has stopped 
in a tunnel between stations, their passage is impeded 
by the variations in the floor height, by the doors 
(unlocked) shutting off the control equipment com- 
partments and by their having to pass between banks 
of control apparatus on either side of the narrow 
passage through the control compartment. 

For the experimental trains an acceleration of 
2 m.p.h. per second and a maximum speed of over 
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60 m.p.h. were required, involving a greater motor 
capacity per train than the existing stock. In view 
of the fact that the maximum possible acceleration of 
the existing trains was 1-3 m.p.h. per second due 
to lack of adhesion between the wheels of the train 
and the rails, the higher acceleration of the new 
trains necessitated not only a greater motor 
capacity per train but also a greater number 
of motors to increase the number of driven 
axles. It was therefore decided to motor 
one half of the axles of the train and to 
adopt a type of bogie which transmitted a 
greater proportion of the weight of the train 
to the driving wheels than to the non-driving 
wheels. Such an arrangement, together with 
a suitable system of control, would provide 
ample adhesion to give the higher ac- 
celeration required, and, due to the smaller 
size of the motors consequent upon their 
greater number, would permit of a constant 
floor level throughout the train. 

It was felt that an improvement could be 
made in the direction of obtaining even 
smoother acceleration than is normal with 
an electric train by increasing the number 
of accelerating steps in the control gear. 
For the higher acceleration required, the 
number of these steps, or notches, should again be 
increased. Further, the increased maximum speed 
requires the addition of more notches, so that 
altogether the control equipment of the new 
trains should have many more notches than the 
old. 


TYPE OF TRAIN ADOPTED. 


It was decided to adopt a 6-coach train, 
all the coaches having a level floor and each 
coach being provided with two 138 h.p. motors, 
giving a total of 1,656 h.p. per train as against 
1,440 h.p. in the case of the old trains. By mounting 
the equipment under the floor of the coach, the 
passenger accommodation of the new trains was 
the same as that of the old. Each coach carries its 
own complete set of power and control equipment, 
but the auxiliaries such as brake compressors and 
motor generators for lighting, etc., are distributed 
between two coaches so that the smallest train 
which could be operated would consist of two 
such coaches. A two coach train is shown in the 
frontispiece of this issue of the G.E.C. Journal. 


CONTROL SCHEME. 


In describing the control scheme it should be appre- 
ciated at the outset that all the main control equipment 
had to be designed to fit into six small sections of 
the underframe, measuring approximately 2ft. wide, 
lft. 2ins. deep and from 3ft. 3ins. to 4ft. 9Qins. 
long. 























MULTI-NOTCH EQUIPMENT FOR TUBE TRAINS 


The scheme, a schematic diagram of which is 
given in fig. 3, employs a multi-contact non-current 
breaking switch which cuts out the starting resistance 
step by step. The same resistance is used over 
again for the parallel combination of the motors and 
finally it is used for the field diversion of the motors. 

The use of a face-plate switch or drum switch 
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which existing trains in normal service can attain 
without causing undue wheel spin. The effective 
adhesion is therefore dependent on the peak and 
not on the mean tractive effort. Thus the smaller the 
notching increments the greater can be the mean 
accelerating current.) 








































































































































































































40 | 
for cutting out the resistance was not adopted as it 
was considered that contact could not be made quickly 
enough to avoid burning. The apparatus finally 35+ 
selected was a cam group switch. The method of 
driving and controlling the cam shaft is of interest. 
In designing the drive the number of steps required 30+ 
had first to be decided. A typical set of notching \ 
curves for series-parallel control is given in fig. 4. ae 
These curves are similar to those for the control 254 
system on the existing trains. Control of the notching ——— 
is obtained by means of a double relay. For each - SENG CURRENT 
step the relay contacts are lifted or set by the closing a. 20; 
of the contactor of the previous step. As soon as - —? 
the series currents has fallen to a predetermined ~ | ee 
us L nlitennaaeiiis 
value the relay contacts fall and cause the contactor Oe) tls Nig 
. . Ne 4aogol 
for this particular step to close. mh 
It will be seen that for a mean accelerating a ae : 7 
current of 350 amperes, peaks of over 400 amperes oe a 
° P ° ° 10 = =a 
exist. It has been found in actual service that various — 
factors smooth out these peaks, but the maximum Rite 
tractive effort may easily be 20 per cent above the 5 __ 
mean tractive effort. Apart from the fact that SHUNTING STEP _,. 
the jerkiness so produced would be sufficient to be ita. 
uncomfortable the effective adhesion would be 150. 200 250. 300. 380 400 
reduced. (The effective adhesion is an empirical CURRENT PER MOTOR AMPS 
. Fig. 4..-Notching curves for series-parallel control 
figure, obtained from the maximum acceleration on existing rolling stock. 
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Fig. 3.—Schematic diagram of control on new 
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experimental stock. 
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To avoid any possibility of jerkiness it was 
decided that the speed increment on each notch of 
the cam group switch should be about 1 m.p.h. This 
meant that the minimum number of notches per 
revolution of the cam group should be about ten. 
If this minimum number were adopted, however, 
it would be necessary to regulate the cam shaft 
in steps under the control of a double accelerating 
relay, as otherwise the possibility of missing a step 
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Fig. 5.—Notching curves obtained with control 
adopted on experimental trains. 


would be great. Such an arrangement would be 
complicated, and the number of operations of the 
double relay and associated mechanisms for control- 
ling the resistance cam shaft would be considerable. 

It was therefore decided to introduce more steps 
than the theoretical minimum, and to drive the cam 
shaft by a servo motor, the speed of which would 
be controlled by a simple form of current relay. 
In this way all peaks of current are entirely eliminated, 
and the accelerating current varies between close 
limits. The rotation of the resistance cam group 
is thus varied by even accelerations and retardations 
rather than by many jerky movements. 

The servo motor driving the resistance cam 
group is fed from a battery on each unit, so that 
the discharging of the batteries is equalized through- 
out the train as far as is possible. The servo motor 
is switched on and off by a small contactor. 

One very important point in connection with the 
driving of the resistance cam group is that, should 
it be arrested for any reason, it must stop without 
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any considerable over-run. A brake is therefore 
provided to stop the cam shaft rapidly, and 1s applied 
by a spring, but is normally held off by a small air- 
operated piston under the control of an electro- 
pneumatic valve. 

Electro-pneumatic operation has been chosen for 
the reason that it is more definite in action and 
is much more powerful in operation than all-electric 
solenoids. At the same time a very small control 
current is required to operate the valve coils. Further, 
the use of an air-operated servo motor contactor 
is one of the various methods adopted of ensuring 
safe operation of the equipment. Should the air 
supply fail the brake will be applied, and under these 
conditions it would be undesirable to energize 
the servo motor. If, due to failure of air pressure, 
the brake is not released the servo motor contactor 
cannot close, as it is also operated from the same 
supply of air. 

The speed of the servo motor is set to run 
slightly faster than is actually required to give an 
acceleration of 2 miles per hour per sec., and is 
regulated by means of a current limit relay. The 
main motor current will therefore rise above the 
value corresponding to an acceleration of 2 miles 
per hour per sec. The result will be that the current 
relay will operate, and, as will be seen from fig. 3, 
the servo motor shunt field will be strengthened, 
resulting in a slower speed of the servo motor. 
This will reduce the current taken for acceleration, 
until a lower value has been reached, when the 
relay will fall and the servo motor speed will 
increase. 

Occasions may arise in traffic due to abnormal 
conditions, in which the train accelerates so slowly 
that even the slowest speed of the servo motor 
driving the resistance cam group would result in 
unduly high motor currents, thus operating the over- 
load protective devices. To overcome this difficulty 
the accelerating relay is provided with a further set 
of contacts which, as can be seen in fig. 3, are 
associated with the servo motor contactor coil. 

Should the servo motor, when its speed is 
reduced by the accelerating relay, fail to prevent 
high accelerating currents, the relay will lift through 
a second stage and the contacts previously mentioned 
will open the servo motor contactor. Consequently, 
any further progress at notching up is entirely 
arrested until the current in the main motors has 
dropped. This feature is particularly necessary to 
deal with emergency conditions in which one or 
more equipments on a train might be isolated. 

The notching curves obtained with this form of 
control are shown in fig. 5. It should be pointed out 
in connection with this figure that the resistance 
values on which these curves are based, were deter- 
mined by a number of practical considerations, such 
as the use of standard resistance grids, and conse- 
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quently they do not represent the best that could be 
obtained if a large number of these equipments 
were built so that it would be economical to use 
the theoretically correct resistance values. Even 
allowing for this, it will be seen that the peak tractive 
effort over the mean tractive effort is only approxi- 
mately 10 per cent. This gives an approximate 
increase in the effective adhesion factor of about 
10 per cent above that of the existing equipments. 

It is interesting to note from the curves that the 
use of the starting resistance for the purpose of field 
diversion results in rather uneven notching during 
the field diversion period. It should be appreciated, 
however, that the peaks of current are far greater 
than the peaks of tractive effort when dealing with 
field diversion and the great saving in space obtained 
through the use of the starting resistance for field 
diversion is consequently justified. 


POWER SCHEME. 


The power scheme employed is shown in fig. 6. 
Power is collected from positive and negative shoes, 
main fuses being inserted as close to the source of 
supply as is practical. The main current controlling 
apparatus consists of three line switches, LS1, LS2, 
and S2. These are the only switches capable of 
rupturing the main power circuit. The resistance 
cam group has contactor elements 1 to 10 and la to 
10a; also an electro-pneumatic reverser for changing 
over the field connections, and a duplex combination 
cam group. This embodies the same type of cam- 
opened, spring-closed contact element as the resist- 
ance cam group, and consists of two two-way air- 
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operated cam groups. One group is referred to as 
the “A’’ group and operates contacts FIA, PIA, 
SIA, P2A and F2A, while the “B” group operates 
contacts F1B, P3B, S1B, P4B and F2B. By the 
duplication of a number of contacts a reliable form 
of four-way cam group is obtained from the two 
simple two-way cam groups, using ordinary reverser 
type air engines. All danger of over-run, frequently 
experienced with multi-position combination cam 
groups, is avoided. 

Before describing the formation of the circuits 
the exact functions of the combination cam group 
require explanation. As already mentioned, the 
object of the duplex combination cam groups is to 
obtain four separate circuit forming combinations. 
The series combination forms the circuits for the 
series connection of the motors. 

The connections for the first parallel step of the 
motors are formed by the “B” group in the “off” 
position, and the “A” group moving to the “on” 
position. 

As soon as the resistance cam group has rotated 
once again in order to complete the parallel connection 
of the motors, the combination cam group takes over 
the circuit so that the starting resistances may be 
used for field diversion. The combination cam 
group has, therefore, a full parallel position, which 
is formed by both groups being in the “‘on’’ position. 
Finally, to obtain the weak field combination, the 
‘““B” group remains in the parallel, or “‘on,”” position, 
and the “‘A”’ group comes back to its “off”’ 
position. 

The operation is clearly indicated in fig. 7, in 
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Fig. 6.—Main power schematic diagram. 
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which the horizontal lines represent the cams which 
open the contactor elements (shown on each side 
of the figure) and named in the same way as in the 
main power diagram. 

The method by which the power circuits are 
formed is shown in the following table which gives 
the sequence of the formation of the circuits during 
a complete acceleration. 


Line switches close. Power initiated with series combin- 
ation. 


Resistance cam group rotates from Resistance cut-out of circuit step by 
l 
































notch 1 to 17. step. 
“*S.2” closes on notch 18 of resistance Shorts out resistance cam group 
_cam group. which then rotates to first position. 
Cam group ‘‘A”’ moves over to “on.’’ Creates first parallel connection (and 
opens ‘‘S2’’). 
Resistance cam group rotates over Resistance cut out of circuit step by 
notches 19 to 35. step. 
Cam group “B’”’ moves to ‘on’ Shorts out resistance cam group, which 
_ position on notch 36. then rotates to first position. — 
Cam group “A” moves back to ‘off’ Creates initial field control connections. 
position. 
Resistance cam group rotates over Creates weakest field position. 
notches 37 to 53 
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Fig. 7..-Diagrammatic representation of operation 
of combination cam group. 


It should be noted that the two line switches, 
LS1 and LS2, do not play any part in the formation 
of the various combinations of the motors, as is 
often the case in traction equipments. The reason 
for this is that by using LS] and LS2 as main 
positive and negative line switches, a smaller number 
of line switches are required, resulting in a saving 
of space. 


PROTECTIVE INTERLOCKS. 


It will be realized from a study of the power 
circuit that should certain operations not take place 
in the correct sequence, very severe short circuits 
might occur. Special interlock circuits are therefore 
introduced, since without them it would be im- 
possible to obtain the same degree of safety in an 
equipment based largely on the use of no current 
breaking contactors, as is obtainable with an 
equipment in which every contactor is capable of 
rupturing current. The following descriptions of 
one or two of these special interlock circuits will 
therefore be of interest. 
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If the S2 contactor failed to close, and the resist- 
ance cam group continued to rotate, contacts 10 and 
10A would open the circuit. They would thus 
break current and would introduce a complete short 
circuit by the rapid transfer of the arc to the positive 
and negative terminals. A similar condition would 
arise should contacts P3B and P4B fail to close, and 
the resistance cam group continue to rotate. 

In the usual type of contactor control scheme, 
there are three main principles governing safety of 
operation. These are :— 

(a) Sequence interlocking, which normally 
enforces correct sequence. 

(b) Safety interlocking, which is additional to 
sequence interlocking, and is introduced only on 
special contactors where irregularity of sequence 
interlocking might result in a short circuit. 

(c) The fact that any contactor which can 
rupture current introduces a degree of protection 
should any control circuit fail and cause a con- 
tactor to open. 

The introduction of sequence interlocking 
adopted in this control scheme is of the usual type, 
and thus needs no explanation. 

Safety interlocking is introduced in a number 
of ways. The following is, however, an example 
of special interest. If contactors P3B and P4B 
fail to close, the resistance cam group must not 
continue to rotate and open contacts 10 and 10A. 

In the case of a spring-closed, cam-opened 
contactor, the stroke is not limited, as the closing 
spring can have any reasonable stroke. The knuck- 
ling arm can therefore be designed to give a direct 
thrust, i.e., in such a way that in the closed position 
the knuckling spring is no longer in operation, and 
contact will always be made as long as the main 
arm is moved by the push-on spring. Thus, if the 
essential safety interlocks are embodied on the con- 
tact element arms, any breakage of spring cannot 
cause danger, since a broken knuckling spring does 
not stop the contacts closing but only causes them 
to close with an incorrect action, and a broken 
main arm spring will not operate the interlocks 
associated with the arm. 

Lastly, with the normal type of scheme, if a 
contactor opens through a faulty contact in the 
control circuit, no danger exists, as the contactor 
can break current; with this new scheme the 
irregular opening of many contacts would result in 
a dangerous condition arising. It was therefore 
decided to introduce certain safety features, over and 
above the sequence and safety interlocking principles. 
This was carried out in several ways. One way was 
to make the combination cam groups independent 
of the continuous energizing of a valve the de- 
energization of which would cause movement. 
Another method employed was the provision of 
extra interlocks to open the two line switches, 
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should certain conditions arise causing irregular 
control circuits to be formed. 


DESIGN OF APPARATUS. 


Although it is not intended to describe each 
component of the equipment in detail some of the 
more interesting features may be briefly mentioned. 


so that it can be operated by a driver sitting in a 
position similar to that of the driver of a motor-car. 
Fig. 10 shows the novel driving position. The 
controller with its long lever arm is seen on the 
right, with the master controller contained in a flat 
shaped box. The controller is provided with a dead 
man’s button which can be seen on the top. It 





Fig. 8._-Resistance cam group. 


The three main contactors of the electro- 
pneumatic type are designed on the direct thrust 
principle; i.e., the full pressure of the air in the 
operating cylinder is transmitted to the contacts 
as soon as the knuckling spring has closed. 

Two of the three contactors used per equipment 
have to rupture the main motor current in the event 
of overload or short circuit, and they must conse- 
quently be capable of dealing with very large currents. 
Each of these contactors is fitted with an extended 
arc chute with openings outside the case cover, 
together with an extension arcing horn which is 
arranged in the bottom of the arc chute, entirely 
sealing it. There is thus no danger of the arc 
blowing back. 

The resistance cam group is shown in fig. 8. A 
cross section view is also shown in fig. 9. The 
main contacts are shown, together with their shunts, 
while beyond them is the interlock or auxiliary 
contact drum. Above the resistance can be seen a 
large case containing the double reduction gear, 
with the motor on the bottom right-hand side of the 
illustration fig. 8. The electro-pneumatic valves for 
the brake, and the brake lever connecting the shoes 
can be seen on the left of the motor, above which is 
the electro-pneumatic servo motor contactor. As 
already pointed out, the combination cam group 
is of similar construction. 

By arranging for one direction of rotation only 
and by using steep faced cams for closing the spring- 
Operated contactor elements, it is practically im- 
possible for the cam group to stop with the contacts 
making light contact. This arrangement thus 
avoids the complication of a positioning device and 
eliminates contact burning. 

The master controller is of particular interest, as 
it is one of the very few that have ever been designed 


+ 


has an “off’’ position, an “‘inching’’ position, a 
“series’’ position, giving automatic acceleration up 
to full series, a “‘parallel’’ position and two “field 
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CONTACT PRING 


Fig. 9.—Diagrammatic cross section of resistance 
cam group. 


divert’’ positions giving field diversion automatically 
up to the intermediate value or to the full value. 

On the left of the illustration can be seen control 
levers for the brakes. 


LAYOUT. 


One of the greatest problems in connection with 
this equipment was the accommodation of the 
apparatus on the underframe. Some idea of the 
layout adopted will be gained from fig. 11. 

This view was taken from a pit looking up 
towards the under-frame. In the top centre the 
resistance cam group can be seen, with the cover 
removed. On the left a group of the cables is seen 
coming from the resistance cam group and sweeping 
under a member of the under-frame. On the right 
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Fig. 10.—Driver’s cab showing con- 
troller on right of driver’s seat and 
brake control gear on left. 


the combination cam groups and 
reversers are shown. 

The motor-generator can just be 
seen in the centre, half way down 
the car, on the left of the cam group 
are the cables to the resistances. 

The illustration also shows the 
conduit in which the main power 
cables are carried. The low tension 
auxiliary and control cables consist \ 
of a special type of armoured cable NS _ 
which is heavily insulated and : 
enclosed in a _ flexible metallic 
housing. 


SERVICE EXPERIENCE. 


Up to the present time the trains 


Fig. 11. 
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on which this new equipment is 
installed have undergone a _ con- 
siderable amount of experimental 
and test running over a period of 
a number of months. Although the 
equipments are entirely new, few 
troubles have been experienced 
beyond the slight adjustment of one 
or two of the relays and _ the 
interlock contacts. 

In conclusion it should be 
mentioned that these equipments 
were designed to the general 
requirements of the Chief Mechanical 
Engineer (Railways), London 
Passenger Transport Board. The 
Board have consented to the 
publication of this information. 


[ee a 


View looking up at equipment mounted on underframe of cab. 
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Modern Receiving Valves: Design 


By M. BENJAMIN, B.Sc., Ph.D., C. 


and Manutacture. 


PART I. 


and G. W. WARREN, B.Sc. 


W. COSGROVE, B.Sc., A.M.I.E.E., 


Research and Engineering Staffs of the M.O. Valve Co., Ltd., at the Works, Hammersmith, 


INTRODUCTION. 


URING the past 10-15 
years, the efforts of valve 
manufacturers have been 

directed towards increasing the 
efficiency of receiving valves by 
the development of special types 
for specific purposes, and towards 
the improvement of the character- 
istics of valves by modifications in 
the mechanical design, improve- 
. ments in thermionic cathodes, and 
a close control of the properties of 
materials used for electrodes and 
insulators. A study of the causes 
and methods of reducing “‘noise”’ 
has also. received considerable 
attention. 

The fluctuating demand for 
valves of different types makes it 
difficult tor the valve manufacture 
to plan production in advance over 
long periods and so to ensure that 
continuity which is desirable in any 
mass production. Developments in 
radio-receiver design are continu- 
ally calling for new types of valve 
and for modifications to existing 
valves, and the manufacturing 
plant must be sufficiently flexible 
to allow changes to be effected 
rapidly. 


In spite of this, however, the enormous 


ee 


This paper was read before the 
Wireless Section of The Institu- 
tion of Electrical Engineers on 
the 2nd December, 1936. 

The authors discuss the main 
features in the geometrical design 
of the types of valve in common 
use to-day and the _ various 
factors, mechanical and chemical, 
which impose limitations in manu- 
facture. The minimum toler- 
ances to which it is possible to 
reproduce characteristics are indi- 
cated. The paper includes a 
brief historical survey of the 
recent improvements in thermionic 
emitters and gives details of the 
precautions necessary in the pro- 
duction of modern highly efficient 
oxide-coated cathodes and insu- 
lated heaters. 

Pumping and activation pro- 
cesses are described, and the 
main factors affecting the life of a 
valve are discussed. The last 
section of the paper deals with 
some of the limitations encount- 
ered in the use of valves, such as 
hum, microphony, noise, and fre- 
quency limitation, and_ the 
methods of minimizing these fac- 
tors are given. The authors 
conclude with some observations 
on possible future developments. 


. . 
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and G.E.C. Research Laboratories, Wembley, England. 


were required to operate. Provided 
the cathode was capable of giving 
sufficient emission, and the grid 
current, with the grid at a neg- 
ative potential with respect to the 
cathode, was not more than a few 
microamps, the valve was “good.” 
Output valves were in general 
required to generate only a few 
milliwatts, sufficient to load a pair 
of headphones, although it is true 
that there were some high-priced 
valves capable of delivering several 
watts for loud-speaker use. Owing 
to the limitations inherent in loud- 
speakers at that time, and to the 
poor characteristics of intervalve 
transformers, the amount of 
distortion introduced by the valve 
itself was relatively unimportant. 
In 1916 Siemens and Halske'’’ 
patented a tetrode valve in which a 
fourth electrode in the form of a 
grid or “protective net’’ was inter- 
posed between the control grid and 
anode, and operated at a fixed 
positive potential with respect to 
the cathode. The object of this 
“protective net’’ was to prevent 
the field near the cathode from 
being influenced by changes in 


the potential of the anode. 


increase in production and improvements in techni- 
que during the past 10 years have led to considerable 
reductions in manufacturing costs with the result that 
a modern complex valve, such as, for example, a 
triode hexode with an indirectly heated cathode, is 
sold at approximately the same price as was a simple 
triode with a filamentary cathode in 1924. 

Until about 1924 the only type of valve in com- 
mon use was the triode with a filamentary cathode. 
These valves were designed with high or low ampli- 
fication factor and impedance according to the 
particular position in the receiver in which they 


In the Schottky tetrode™ the fourth electrode 
did, in fact, provide slight electrostatic screening 
between anode and control grid, but it was not until 
after A. W. Hull’,“, had suggested the introduction 
of a close-mesh screen electrode in order to reduce 
the feed-back of alternating potentials on the anode 
to the grid, which resulted in serious interference 
between output and input circuits at high frequencies, 
that the screen grid could be used for high-frequency 
amplification. 





(1) A reference is given at the end of this article for this and subsequent 
numbers. 
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The introduction of a fourth electrode operating 
at a positive potential introduced secondary-emission 
difficulties hitherto absent from receiving valves. In 
1926, the Philips Lamp Co. of Holland”) described 
two methods of suppressing the secondary currents 
between anode and screen: (a) by removing the 
anode to a sufficient distance from the screen, and 
(6) by the introduction of an open-meshed grid in 
order to reduce the space potential between screen 
and anode. This second alternative, the Pentode 
valve, was used in the first instance only as a low- 
frequency output valve, but more recently high- 
frequency pentode valves—differing from output 
pentodes in the degree of screening between anode 
and control grid—have been used as high-frequency 
amplifiers and detectors. 

In order to enable the output of a receiver to be 
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Curve 1. Grid wound with uniform pitch. 

Curve 2. Grid wound with gaps in grid winding. 
adjusted to any desired level without distortion when 
receiving strong or weak signals, screen-grid and 
high-frequency pentode valves having a variable 
mutual conductance (variable-mu) depending on 
the control-grid bias were later introduced”. There 
are several possible methods of obtaining the required 
characteristic, but the one now universally adopted 
is to vary the pitch of the control-grid winding or to 
introduce gaps in the winding so that over a small 
length of the cathode surface the grid has little 
effect on the field. The “‘tail’’ of the anode-current/ 
grid-voltage characteristic is modified as shown in 
fig. 1. The required shape of the variable-mu 
characteristic depends to some extent on the particular 
circuit in which the valve is to be used, and in practice 
a compromise must be effected between high control 
ratio and the maximum permissible anode current 
at zero grid bias and the maximum grid bias obtain- 
able in the circuit. These conditions having been 
decided, the actual design of the grid is a matter 
of trial and experience. 

Diode valves, which were until recently used only 
as power rectifiers for A.C. mains supply voltages, are 
now frequently employed as high-frequency detectors 
and, by a suitable arrangement of circuits, for auto- 
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matically controlling the grid bias on variable-mu 
valves so that the output from the receiver can be 
kept at a substantially constant level. These appli- 
cations have resulted in the introduction of further 
types, such as double diodes, double diode triodes, 
and double diode pentodes. 

The rapidly increasing popularity of the super- 
heterodyne receiver, which is becoming even more 
extensively employed in short-wave reception, has 
led to the introduction of improved forms of 
frequency-changers by means of which it is possible 
to obtain a much greater conversion conductance 
and greater stability than was possible in earlier 
forms of valves. The most recent types include 
hexodes, heptodes, octodes, and double valves such 
as triode pentodes and triode hexodes. 

It is not within the scope of this paper to describe 
the many circuits used in conjunction with various 
types of valves; the authors’ object is rather to 
outline the main features in the design of the valves, 
and to indicate the limitations met in practice. For 
this purpose it is necessary to consider the types in 
more detail. 


DIODES 
(a) Power Rectifiers. 

The principal requirements in a power rectifier 
are a low impedance when the anode is at a positive 
potential with respect to the cathode, so that the 
voltage across the rectifier shall be small compared 
with that across the external circuit, and a high 
impedance when the voltage is reversed. 

If we consider the simple case of a cathode of 
circular section surrounded by a cylindrical anode, 
the space-charge-limited anode current is‘” 


KIV,, 
= "Gg: @ppmx) = 


where / is the length of the system, and 


a 2 ex. #3 a \° 
~ tog —? (og *) (og *)) = @ 
"e = (toe c 120 log C (2) 


a and c being the radii of anode and cathode respect- 
ively. V, is the positive potential of the anode with 
respect to the cathode, and K is a constant. 

It therefore follows that the impedance may be 
reduced by increasing / or decreasing af*. In 
directly-heated cathode valves (filamentary cathodes) 
the cathode length can be made large, and little 
difficulty is experienced in reducing the voltage-drop 
across the rectifier. It is, of course, important that, 
when the filament is in the form of a V or W, the 
limbs of the filament shall be sufficiently far apart 
to act independently of one another. In practice, 
this means that the distance between limbs shall be 
at least twice the distance between anode and fila- 
ment. Directly-heated rectifiers, however, possess 
the disadvantage that the heating-up time is usually 
shorter than that of the indirectly heated valves in 
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the set, with the result that the rectifier is open- 
circuited for a few seconds each time the receiver 
is switched on, and excessive voltages are developed 
across condensers. Indirectly-heated rectifiers are 
therefore necessary in some cases. In indirectly- 
heated valves, it is difficult to obtain a long cathode, 
and it is therefore necessary to make the cathode- 
anode clearance small. There is, however, a limit- 
ation (apart from the purely mechanical problem) in 
the value to which this distance can be reduced, 
since, as the anode surface is reduced, although the 
energy of the arriving electrons falls owing to the 
lower impedance, the temperature rises owing to 
radiation from the cathode. If the temperature of 
the anode becomes excessive, it will emit electrons 
when the anode voltage is reversed, since with 
oxide-coated cathodes some barium will have been 
deposited on the anode during activation of the 
cathode. Apart from the effect of this reverse current 
on the output of the rectifier, the cathode surface 
will rapidly be destroyed by bombardment of high- 
voltage electrons, and the valve become 
“soft.’’ To keep the temperature of the anode as low 
as possible, its surface is usually carbonized by a 
heat treatment in a hydrocarbon atmosphere, thus 
increasing its thermal emissivity. Another method 
which has been employed to reduce the impedance 
is to include between the anode and cathode, and 
close to the cathode, an electrode in the form of a 
grid which is connected to the anode. In this way 
the system behaves as a diode with an effective 
anode diameter slightly greater than that of the grid. 
Most of the energy is, however, dissipated in the 
outer electrode, which may now be quite large. 

In a recent publication’ Aldous has shown that, 
in a rectifier feeding a resistance load shunted by an 
infinite capacitance, the following equations express 
quite accurately the values of the power dissipated in 
the anode (P), the output voltage (V), and the peak 
anode current (J,,,,.), as functions of the peak input 
voltage (EZ) and output current (J). 

For a single phase half-wave circuit, 


P = 1-62 KEI 
E—V = 1-94K‘E'l 
Inaz. = 2°71K'E' 
and, for a biphase half wave circuit, 
P = 1-14K‘E'T 
E—V = 1-37K°E'l’ 
Imax, = 1-61K°‘E'T 
where K is the rectifier constant in the equation for 
the static characteristic of the rectifier, i = KV,,. 
From these equations, the valve designer is able to 
estimate the cathode emission required and the mini- 
mum dimensions of the anode* for a given rectifier. 


* The total power dissipated in the anode is, of course, P +- 40 where 
is the proportion of the cathode power (pc) absorbed by the anode and may be 
as high as 0.8. 


(b) Detector Diodes. 


In the approximate expressions given above, the 
initial velocities of the electrons and the contact 
potential difference between cathode and anode 
were neglected. The effect of taking into account 
these factors is shown in fig. 2. Curve A shows 
the three-halves power-law relationship of equation 
(1), curve B shows the effect of the initial velocities 
of electrons, and curve C the further effect of the 
contact potential-difference v between cathode and 
anode. Expressions have been derived by Schottky’, 
Fry “", and Langmuir") for curve C, but these 
need not be considered here. It will be apparent 
that the value of v is important in determining the 
characteristic of a detector diode which operates at 
very low values of anode potential. A change in the 
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Fig. 2. 


Curve A. J=:kE: 

Curve B. Effect of initial velocities of electrons. 

Curve C. Effect of initial velocities and contact potential-difference 
between anode and cathode. 


nature of the surface of the anode, an alteration in 
treatment of the cathode during pumping and 
activation, or the presence of gas, will affect the 
degree of contamination of the surface of the anode, 
and may change its contact potential by as much 
as 2 volts. A close control of all these factors is 
necessary to ensure reproducible results and stability 
during operation. 


TRIODES. 


It is not possible to calculate with any great 
accuracy the characteristics of small receiving valves 
of given dimensions or, conversely, to determine 
the dimensions necessary to give any required 
characteristics. This is due to such factors as end 
effects, lack of axial symmetry of the electrode system 
imposed by mechanical considerations and, in most 
valves, the well-known phenomenon Inselbildung, 
which is due to the fact that the electric field in the 
neighbourhood of the cathode surface is not uniform 
along its length. 

By making certain assumptions, however, 
formulae have been obtained by several workers for 
plane and cylindrical electrode systems (the former 
is, of course, a limiting case of the latter) and, 
although only approximate, these are useful in 
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determining qualitatively the effects of the various 
electrode dimensions and operating conditions on 
the characteristics of the valve. 

Vogdes and Elder“) deduced the following 
expression for the amplification factor (u) of a 
triode in the form of a cylindrical system of 
electrodes, end effects being neglected :-— 


2-nb log — log cosh 27Np 
L= b ~ : ; (3) 
log coth 27np 

where a is the radius of the anode, 6b is the radius of 
the grid, p is the radius of the grid wires, and n is the 
number of turns of the grid per cm. In practice, 
the second term of the numerator is negligible 
compared with the first term, and we have 


2-nb log (a/ b) 


“<* log coth 2rnp 


(4) 

The value of the space-charge-limited current 
(in amperes) flowing to grid and anode is given by 
the well-known expression”? 


1-47 x 1O°PITV, +u(V, + v)] 
Se ot te 
kh 

where / is the length of the cathode, V, is the 
potential of the anode relative to the cathode, V, is 
the potential of the grid relative to the cathode, 
v is a small voltage correction which takes into 
account the contact potential difference between grid 
and cathode and the initial velocity of the electrons 
(a function of the cathode temperature), and 


—_—”™ 6 2 (10 A) i‘ 0 ae btn 
Pre, Et es a ec 


6 and c being the radii of grid and cathode respect- 
ively. 

When the grid is sufficiently negative to prevent 
electrons passing from cathode to grid, i is the 
anode current, and the mutual conductance g,, is 
given by 


si 341-47 x 10° xlu[V, + u(V,+v)}} ) 
Zn a a. — 9 : r ' (6) 
va ei bel + u)s 
and the anode impedance is 
“ 2bp° (1 +m)» 


8m = 3X 1-47 x 10°U [V, + w(V, + v) J ™) 

It therefore follows that, for a given value of nu, 
the impedance may be reduced and mutual con- 
ductance increased by increasing the length of the 
cathode and/or reducing bf*. 

In directly-heated filament valves a high mutual 
conductance and low impedance may be obtained by 
employing a long filament system, the upper limit 
being determined by the emission per unit length 
of filament necessary to ensure that the anode 
current is space-charge-limited, and by other factors 
which will be considered in a later part of this paper. 
In indirectly-heated cathode valves, where it is not 
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possible to employ long cathodes, the mutual con- 
ductance is increased by reducing the grid-cathode 
clearance. 

In high-amplification-factor triodes, the upper 
limit of mutual conductance is set by the minimum 
value to which it is possible to reduce the grid- 
cathode clearance without risk of excessive variations 
in characteristics, due to accidental variations in this 
parameter, and by the degree to which it is possible 
to control the contact potential-difference between 
grid and cathode, uv being comparable with V, 
[equations (5) and (6)]. 

In low-impedance triodes for output stages of a 
receiver, the limiting factors are different. The 
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Fig. 3._-Effect of grid pitch on mutual conductance. 
Cathode diameter 2.1 mm., grid diameter 3.3 mm., Ey 0, /a== 8.0 mA. 


contact potential-difference between grid and cathode 
is relatively unimportant, since V, is large compared 
with nv. There is a mechanical limitation to the 
minimum size of the grid wires (p) which can be 
employed, and minimum values to which it is 
permissible to reduce grid-cathode and anode-grid 
spacings without risk of grid emission and excessive 
anode temperature. Further, it is not possible to 
reduce n indefinitely, since as the ratio of grid pitch 
(1/n) to grid-cathode clearance increases Inselbildung 
becomes more serious, and affects the shape of the 
anode-current/anode-voltage curve at high anode 
voltages. This reduces the efficiency of the valve by 
limiting the maximum undistorted output obtainable. 
Fig. 3, in which the mutual conductance at constant 
anode current is plotted against grid pitch, shows the 
effect of Inselbildung in some experimental valves. 
As mentioned earlier, this phenomenon is present 
to some extent in nearly all receiving valves; but 
in low-impedance valves, where unfortunately its 
effect is most serious, it is most marked, and the 
manufacture of an indirectly-heated-cathode power 
output triode is only possible by the use of extremely 
fine wires for the grid together with a very small 
clearance between the grid and anode. 

The maximum theoretical efficiency (ratio of 
output watts to anode dissipation) of an ideal triode, 
having zero impedance, would be 50 per cent. In 
practice, owing to the limitations mentioned above, 
the maximum efficiency obtained—even with directly- 


RECEIVING VALVES 189 


heated cathode valves—is only about 25 per cent. 
By using a pair of valves in push-pull it is possible 
to increase the efficiency since the second-harmonic 
distortions of the two valves neutralize one another, 
and lower-impedance valves together with low load 
impedance can be employed. An efficiency of 40 
per cent can in this way be obtained. The efficiency 
can be still further improved by allowing the grid 
potentials of the valves to become positive over part 
of each cycle. From the point of view of the valve 
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Fig. 4. Screen-grid valves. 


itself, the fact that an electron current is flowing to the 
grid introduces new problems in manufacture. 

Greater precautions are necessary in pumping 
the valve to ensure that the grid is really gas-free, as, 
otherwise, this gas will be liberated by electron 
bombardment when the grid is positive and will 
“poison” the cathode. Further, since the grid is 
hotter than in a valve operating with no grid current 
primary electrons may be emitted; and, although 
the input circuit of the valve is designed to deliver 
power to the grid circuits, a large increase in grid 
emission would be serious. 


TETRODES. 


Expressions giving the various characteristics of 
tetrodes (and pentodes) in terms of electrode dim- 
ensions and potentials have been calculated for 
simple electrode systems, but in practice these are of 
even less value to the valve designer than the 
equations for the triode, owing to the complex 
design of the electrodes and the effect of secondary 
emission. It will, however, be obvious that since 
the anode is screened from the grid, and therefore 
from the cathode, its dimensions and potential will 
have little effect on the anode current and mutual 
conductance of the valve compared with cathode, 
grid, and screen dimensions, and it is the design of 
these electrodes which is most important in deter- 
mining the characteristics. 


Tetrode valves may be divided into two classes : 
(a) high-frequency amplifier and detector valves, and 
(6) low-frequency output valves. 


(a) Screen-Grid Valves. 


The principal requirement in these valves is that 
the screen shall reduce the capacitance between 
anode and control grid to a very low value 
(0-001-0-01 ,,,,F). In practice, this is achieved by 
making the screen from sheet metal surrounding 
the grid as far as possible, with apertures covered 
by very fine mesh opposite the region of the cathode- 
grid system from which electrons are escaping. The 
screen is usually provided with one or more skirts 
which extend to the walls of the bulb, so that the 
screening can be completed outside the valve. The 
anode is designed to have as small a surface as is 
possible without unduly increasing the space charge 
between screen and anode. Two designs of screen- 
grid valve are shown in Fig. 4. 

The general shape of the characteristic curves 
(Fig. 5) is well known. When the anode potential 
is lower than that of the screen, secondary electrons 
pass from anode to screen, thus reducing the anode 
current below, and increasing the screen current 
above, the values which they would have if secondary 
emission were absent. When the anode potential 
is above that of the screen, the secondary electrons 
flow from screen to anode, thus increasing the anode 
current and decreasing the screen current. With 
modern oxide-coated cathodes, screen and anode 
surface become contaminated with barium from the 
cathode (the actual layers having a complex BaO, 
O, Ba structure), which increases the secondary- 
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Fig. 5.-Screen-grid valve characteristics. 


emission coefficient considerably, and the phenom- 
enon of a negative screen current (when the ratio 
of the number of secondary electrons flowing from 
screen to anode to the number of primary electrons 
from cathode to screen is greater than unity) is quite 
common. It will be noted that the higher the 
secondary emission from the screen, the higher the 
mutual conductance of the valve, which is in fact a 
secondary-electron multiplier. Unfortunately, the 
secondary emission is extremely difficult to control, 
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and is dependent not only on the degree of con- 
tamination of the surface but also on its mechanical 
nature. 

The secondary emission of clean and contaminated 
surfaces has been studied in the G.E.C. Research 
Laboratories, and fig. 6 shows the effect of depositing 
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Fig. 6. 
1. Clean molybdenum. 3. Clean carbonized nickel. 
la. Barium on molybdenum. 3a. Barium on carbonized nickel. 


. Clean graphite (aquadag). 4. Clean lampblack. 
22. Barium on graphite (aquadag). 4a. Barium on lampblack. 


barium from a barium-oxide cathode on various 
substances. The difference between colloidal 
graphite (aquadag) and lampblack is particularly 
interesting, the secondary emission of the former 
being approximately the same as for a metal, whereas 
the value for lampblack is only about one-third 
that of a metal. Screen-grid valves have been made 
with carbonized screens in an attempt to reduce 
the spread in characteristics between valves, and 
during life. Another method of reducing the 
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Fig. 7.—-Variable-mu screen-grid valve designed 
for screen at 30 volts. 


secondary emission is to lower the screen potential, 
the grid-screen clearance being reduced in order 
to maintain the characteristics. Anode-current 
curves of a screen-grid valve in which the screen 


was designed to operate at 30 volts are shown in 
fig. 7. 
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(b) Low-Frequency Tetrodes. 


In low-frequency tetrode valves the capacitance 
between anode and grid is less important than in 
high-frequency valves, and the screen can be a much 
more open structure. The secondary emission from 
the screen is therefore less. For a tetrode to be an 
efficient output valve, the secondary emission between 
anode and screen must be suppressed. This can be 
done in either or both of two ways (a) by so designing 
the anode, or by making the distance between anode 
and screen so large, that the space charge produces a 
potential minimum between anode and screen: 
and/or (b) by making the distance between screen 
and grid small, and the screen an open structure so 





Fig. 8.._-Space-charge distribution between screen 
and anode of tetrode (at low anode voltage). 


that a potential minimum is produced outside the 
screen by the grid, which is always at a negative 
or zero potential. Most of the secondary electrons 
possess low initial velocities, so that provided the 
Space-potential minimum is a few volts lower than 
that of the screen or anode (whichever has the lower 
potential) secondary electrons will return to the 
electrode from which they emanate. In practice, 
unless the distance between anode and screen is very 
large, since the electrodes are not axially symmetrical, 





Fig. 9._-Tetrode with earthed plates to suppress 
secondary emission. 


the density of electrons in the neighbourhood of the 
support wires (see fig. 8) is small even when the anode 
current is high, so that although there may be a 
potential minimum in the region A there is no 
potential minimum at B and secondary electrons 
can pass freely between anode and screen. Bull"'”? 
has suggested a method of overcoming this difficulty 
by arranging the electrodes in the way indicated 
diagrammatically in fig. 9. The anode AA is in the 
form of two segments of a cylinder, and BB are two 
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additional electrodes operated at zero or negative PENTODE VALVES. 
potential to concentrate the electron stream between 
the boundaries enclosing the angle «. An alternative 


design which has been used in tetrodes designed to ing between anode and grid is important; and low- 
operate at relatively low anode and screen potentials frequency valves, in which the principal requirement 
is shown in fig. 10, fins F being provided inside the is high output efficiency. The latter class will be 
anode. The potential varies from cathode to anode considered first. 

along the plane XX in the way indicated in fig. 11, 
and most of the secondary electrons from the 


Pentode valves may be divided into two main 
classes: high-frequency valves, in which the screen- 
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the potential minimum at P, or will be trapped by (a) Output Pentodes. 


the fins. 

It will be noticed that condition (6) mentioned 
above necessitates an increase in grid-anode capacit- 
ance, but this increase, if small, is not a serious 


The general shape of the anode-current/anode- 
voltage curve of an output pentode is well known, 
and is shown in fig. 14, the secondary emission 
“kink’’ in the curve which is characteristic of most 
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Fig. 11.—-Potential distribution in tetrode with fins 


Fig. 13.—-Characteristics of tetrode with large 
on anode (at low anode voltage). 


anode-screen and small grid-screen clearances. 
variation from cathode to anode is illustrated in 
fig. 12; and the characteristics of a valve designed 
so that conditions (a) and (b) were satisfied are 
shown in fig. 13. 

The complete suppression of secondary emission 
in a tetrode is not an easy matter, particularly in 
valves designed to operate at high anode and screen 
potentials, and by far the most common method of 
suppressing the secondary electrons is by the inclusion 
of a suppressor grid—as in the pentode valve. 


and therefore on the anode current and mutual 
conductance, which are functions of the cathode- 
grid-screen design and potentials in the same way as, 
in a triode, these characteristics depend on the 
cathode-grid-anode design and potentials. The 
amplification factor of the valve is, of course, the 
product of the amplification factors of the anode-grid, 
anode-screen, and anode-suppressor grid systems. 
The design of the suppressor grid, which can only be 
decided by trial for any particular valve, is most 
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important in determining the shape of the “knee”’ 
of the curve. If the pitch of the suppressor-grid 
spiral is too small, the minimum space potential in the 
neighbourhood of the suppressor-grid will have a 
slightly negative value relative to the cathode when 

80 
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Fig. 14.—Characteristics of pentode. 


the anode potential is low, and primary electrons 
will fail to reach the anode, with the result that 
the anode-current characteristic will be as shown in 
Fig. 15, curve (a). If, on the other hand, the pitch 
of the suppressor grid is too large, then at low anode 
potentials some of the secondary electrons will reach 
the screen, and the anode-current characteristic will 
be as in fig. 15, curve (6). In either case it will be 
obvious that the maximum undistorted output will 
be limited, and, in designing the suppressor grid, its 
optimum dimensions must be determined by trial. 

The pitch of the screen-grid spiral also affects the 
shape of the characteristics, and here a compromise 
must be effected between an open structure which 
allows the potential of the anode to affect the field 
near the cathode, thus reducing the anode impedance 
and limiting the output [fig. 15, curve (c)], and a 
close structure which will result in excessive screen 
current. The pitch of the screen-grid also affects 
the “‘knee’’ of the anode-current/anode-voltage curve 
in another way. The dispersion of the electron 
paths through the screen-grid depends on the pitch 
of this grid “”’, being smallest when the pitch is 
small. It will be obvious that, the smaller this 
dispersion, the lower will be the anode voltage 
necessary to draw all the electrons passing through 
the screen to the anode, and consequently the better 
the “‘knee’’ to the characteristic curve. 

It might be expected at first sight that the limit- 
ations already mentioned in connection with 
indirectly-heated cathode triodes would also be 
encountered in the design of output pentodes. 
This, however, is not so; for the » value of the 
grid-screen system need not be very low, since the 
output efficiency is less dependent on this factor 
than it is on the anode impedance cf a triode. 
Further, Inselbildung, which is a function of the anode 
potential in a triode, is independent of the anode 
potential in a pentode. 
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(b) High-Frequency Pentodes. 


The principal difference between high- and low- 
frequency pentodes is, as in the case of tetrodes, in 
the anode-grid capacitance. A high anode impedance 
is usually desirable in the high-frequency pentode, 
and this characteristic is fortunately complementary 
to a high degree of screening. 

For convenience in manufacture, and also in 
order to keep the screen current as low as possible, 
the screen is usually made in the form of a close- 
wound grid, and the screening at the ends of the 
electrodes is completed by a skirt or skirts attached 
to the suppressor grid. 

Although not usually designed for use with a 
control voltage on the suppressor grid, the high- 
frequency pentode can be used in this manner’, 
As the potential of the suppressor grid is made more 
negative, the anode current is reduced and screen 
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Fig. 15.— Effects of modifications to design of 
suppressor-grid and screen grid in a pentode. 


current increased, and at the same time the anode 
impedance is reduced. With a suppressor grid 
having a very open pitch, however, the control on 
the anode current by this grid is poor, and it is 
natural that grids having a closer pitch should have 
been employed to improve this control. This led 
to the development of hexodes, heptodes, and 
octodes, which are designed specifically for the 
control of the anode current by two separate grids. 
These will now be described, and the action of the 
second control grid will be briefly considered. 


HEXODES, HEPTODES, AND OCTODES. 


These may be divided into two classes, depending 
on the particular use for which they are designed 
rather than on a fundamental difference of principle. 

The first class, including hexodes and certain 
heptodes, consists essentially of a high-frequency 
pentode in which the pitch of the third grid ts 
reduced in order to obtain a good control of the 
electron stream, and to which a screen is added 
between this grid and the anode to overcome the 
variation in anode impedance mentioned above. 
The heptodes in this class have, in addition, a 
suppressor grid between this second screen and the 
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anode. The main use of these valves is for frequency- 
changing in superheterodyne receivers, the signal 
voltage being applied to the inner control grid 
(which usually has a variable-mu characteristic) and 
the oscillator voltage (derived from a _ separate 
source) being applied to the outer control grid. 
The design of the cathode, control grid, and 
screen section is essentially the same as in a high- 
frequency pentode. The action of the second 
control grid, however, is different from that of the 
grid of a triode. Whereas in the triode space charge 
is an essential intermediary in the relationship 
between anode current and grid potential, it is the 
potential distribution in the plane of the outer control 
grid which mainly determines this relationship in 
the case of the hexode (or heptode). The electrons 
leave the inner screen with a high velocity, and 
whether or not a particular electron or group of 
electrons will reach the anode (and outer screen) 
or return to the inner screen depends on the position 
of the electron paths relative to the second control- 
grid wires, the space-potential distribution in the 
neighbourhood of this grid, the deflection of the 
electron paths by the inner screen, and the initial 
velocity of the electrons as they leave the cathode. 
The calculation of the dimensions of the second 
control grid from theoretical considerations is not 
in practice possible, but a general picture of the 
action of the grid can be obtained from fig. 16, 
which represents the potential distribution (a) 
between the two screens of a hexode, and also (6d) 
in the plane of the second control grid. The maxi- 
mum anode current will be obtained with approxi- 
mately zero potential on the control grid, space 
charge being small; and the anode current, when 
this grid is at a negative potential, will depend on 
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Fig. 16.--Potential distribution in hexode. 


(4) Potential distribution between the two screens. 

(6) Potential distribution in plane of second control grid. 
A. Control-grid potential zero. 

B. Control-grid potential negative. 


the effective potential in the grid plane. This latter 
is given by Schottky’s formula”’, namely 
y DY. + V, + RV, 

“  14+D+R 
where D is the Durchgriff* of the outer electrodes 
(anode, outer screen, and suppressor grid, in a 
heptode) through the grid, and R is the Ruckgriff* 


* é — *“ ‘ °° . - ‘ 
Durchgriff” and “Ruckgriff” are the reciprocals of the amplification 
factors of the grid-outer screen and grid-inner screen systems respectively. 


of the inner electrodes through the grid. It is clear, 
therefore, that close spacing between these electrodes 
and high voltages tend to lower the control of the 
second control grid. 

The second class of heptodes, together with 
octodes, differ from the above chiefly in that they 
contain an additional electrode at a positive potential 
between the inner control grid and screen, the inner 
triode system being used as an oscillator to modulate 
the electron stream. The outer control grid in these 
valves, which usually has a variable-mu characteristic, 
is used for the signal input. The control action of 
the additional electrode (triode anode) on the electron 
stream must be less than that of the inner grid, as 
otherwise the resultant modulation of the electron 
stream will be low (in the limiting case, if the control 
of the oscillator electrodes were equal, equal and 
opposite voltages would leave the electron stream 
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Fig. 17.—-Electrode arrangement in heptode. 


constant). For this reason, and also to reduce the 
interaction between the second control grid and the 
oscillator, the oscillator anode is usually in the form 
of two wires parallel to the cathode which may even 
be placed between the support wires of the inner 
erid and screen (fig. 17). In this case, the oscillator 
anode current is mainly the result of secondary 
emission from the screen. 


MULTIPLE VALVES. 


The design and manufacture of multiple valves 
does not introduce any fundamentally new principles, 
such valves being made mainly for the convenience 
of set manufacturers, and it will only be necessary 
to refer to these types briefly. 

Double output valves (triodes and pentodes) for 
push-pull operation with or without positive grid 
drive merely consist of two separate valve-assemblies 
mounted side by side on a single pinch (fig. 18). 
Precautions are necessary in the design of these types 
to ensure that there is no mutual control between 
the two electrode systems, such as would occur if 
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the anodes were made of mesh or if electrons escaped 
from the ends of the electrodes, and that the tempera- 
tures of the electrodes do not become excessive 
owing to heat radiated from one system to the other. 

In double diode triodes, the anodes of diodes, 
which only require a small total emission to satisfy 
their characteristics, are usually mounted at the end 
of the cathode nearer the pinch, and the grid of the 
triode, screened from the diode anodes, is connected 
to a cap at the top of the bulb (fig. 19). 

The triode hexode, which is used as a combined 
oscillator and frequency-changer, is made in a 
similar manner, the triode being assembled on the 
lower end, and the hexode on the upper end, of a 
commom cathode. The hexode signal-control grid 
(nearest the cathode) is connected to the top cap, 
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Fig. 18.—Double pentode. 








and the triode grid is connected internally to the 
second control grid of the hexode (fig. 20). 


FACTORS AFFECTING CHARACTERISTICS. 


In addition to the development of special types of 
valves and to improvements in the characteristics, a 
continuous effort has been and is being made by 
valve manufacturers towards reducing, in any given 
valve type, deviations from the mean value of the 
characteristics ; since with greater uniformity in the 
product the set manufacturer is able to use more 
efficient circuits. It may, at first sight, seem rather 
surprising to the user of valves that the spread in 
characteristics from valve to valve is, even with the 
utmost precautions in manufacture, quite large: 
+ 20 per cent and in some cases + 40 per cent on 
such characteristics as anode current and mutual 
conductance being the smallest limits to which it is at 
present possible to work economically. 

From the remarks made earlier in the paper it 
will be seen that the factors which affect the character- 
istics of a valve are the mechanical dimensions and 
chemical properties of the surfaces of the electrodes. 
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With the small distances between electrodes which 
are employed to obtain the high efficiency of the 
modern valve, and lack of continuity in the pro- 
duction of any given type, uniformity in these two 
factors becomes increasingly difficult. 


(a) Mechanical Variations. 

A fairly accurate idea of the effects of small 
variations in the mechanical dimensions of the 
various electrodes can be obtained from a consider- 
ation of the approximate expressions given earlier 
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Fig. 19._-Double diode triode. 


in this paper and elsewhere for the characteristics 
of the valve. Thus, to take the simplest case of a 
triode, the effect of variations in the parameters a, 
b, c, p, n, l, on the characteristics ,, 1, g, R can be 
obtained from equations (4), (5), (6), and (7) by 
logarithmic differentiation of these functions with 
respect to the various parameters. The expressions, 
which are readily deduced, are rather complex, and 
the authors will therefore content themselves with 
giving in Table 1 one of the results of calculations 


TABLE 1. 


Triode valve: a=0-617 cm., b6=0-187 cm., c= 
0-099 cm., p =0-0055cm., n=15-75 per cm., 





1=3-5 cm., V,=100 volts, V,—0, v =0-83 volt. 
dala | 8sb/b sc/c  § Ssp/p | én/n | Bll 
— | enone > ae 
bp/p 0.84 | 0.16 | 0 1.23 2.23 0 
di/t | 0.9 | 3.59 | 2.42 | 1.32 | 2.38 | 1 
ég/g 0.28 | —3.47 2.42 0.40 |—0.73 | 1 
dR/R 1.12 | 3.63 2.42 | 1.64 2.96 1 











which have been made for a particular high- 
impedance triode. This table gives the coefficients 
B in the expression 

sA  _ A&C 

A . is 


where A is one of the characteristics y, 1, g, R; and 
C is one of the parameters a, b, c, p, n, L. 
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It will be seen that an error of 1 per cent in the 
radius of the cathode, for example (representing an 
absolute error of 0-001 cm.), will introduce an error 
of 2-42 per cent in the value of the anode current, 
mutual conductance, and impedance. If small errors 
in more than one parameter exist, then the effects 
are, of course, additive ; so that if a, b, p, n are 1 per 
cent too large and c and 7 1 per cent too small, the 
total deviation in anode current from its correct 
value will be as much as 11 per cent. In practice, 
the tolerances to which it is possible to manufacture 
components on a large scale economically for a 
valve such as that cited in Table 1 are: cathode 
diameter 1 per cent (including coating), grid 
diameter + 1 per cent, grid pitch (mean) + 1 per 
cent, grid-wire diameter + 14 per cent, anode 
diameter ++ 2 per cent; and although it is extremely 
improbable that all the maximum permissible errors 
will occur at the same time in any given valve, a total 
variation in characteristics of + 5 to + 10 per cent, 
due to mechanical variations alone, will exist in quite 
an appreciable percentage of valves. It will readily 
be seen that any improvement in the mutual conduct- 
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Fig. 20.—Triode hexode. 


ance effected by reducing the grid diameter will 
increase the values of the coefficient B in the 
expression 

sA _3C 

a~*< 


and make the task of manufacturing a uniform 
product more difficult. Mechanical shock or strain 
in the materials which might result in slight distortion 
of the electrodes will also seriously affect the 
characteristics. 

In valves having more than three electrodes, the 
possibility of variations in characteristics will be 
greater, although in these cases also the dimensions 
of the cathode and control grid are generally the most 
important factors. 


(b) Chemical Variations. 

The factors, other than mechanical, which affect 
the characteristics are the degree of activation of the 
cathode along its length, depending on the temper- 
ature distribution (which is discussed in another 
part of this paper), the contact potential difference- 
between cathode and grid, and secondary emission 
in tetrodes and other types in which no auxiliary 
grid is used to suppress secondary currents. The 
effect of variations in grid-cathode contact-potential 
is, as already stated, most serious in valves with high 
amplification factor and high mutual conductance, 
and is indeed the biggest single cause of variation 
in characteristics in these types. For example, in 
a valve designed to operate with an anode current of 
6 mA with a mutual conductance of 6 mA per volt a 
change of 0-1 volt in the grid-cathode contact 
potential-difference will result in a deviation of 10 
per cent in the anode current, and over 3 per cent 
in the mutual conductance. In low-amplification- 
factor valves in which the ratio of mutual conductance 
to anode current is small, the effect of variations in 
grid-cathode contact potential-difference is, of course, 
much smaller and may be negligible ; as, for example, 
in a valve such as a 100-watt output valve operating 
at 100 mA anode current with a mutual conductance 
of 3-9 (fig. 21). 

As has been mentioned earlier, the contact 
potential-difference between anode and cathode in a 
detector diode, or cathode and grid of a triode, 
tetrode, pentode, etc., is determined by the materials 
used for the electrodes, the physical nature of the 
surface, and the contamination (metallic or gaseous) 
on the surface. Even when a close control is exercised 
on all the materials and operations during manufacture, 
it is not possible economically to control the vari- 
ations in grid contact-potential to within closer 
limits than + 0-2 volt of a mean value. A particu- 
lar difficulty arises in the case of such valves as 
double diode triodes where for certain circuit require- 
ments it is necessary to keep the contact potential- 
difference between cathode and diode anodes approxi- 
mately equal to that between cathode and triode 
grid, so that the diode anode current shall start at 
the same negative bias value as that at which grid 
current starts. The difficulty arises owing to the 
fact that the grid-wire material is usually different 
from the diode-anode material, and also that the 
evaporation of barium from the ends of the cathode 
on to the diode anodes is less rapid than from the 
centre of the cathode on to the grid. Special care 
is necessary in devising activating processes which 
will satisfy the above requirement without de- 
activating the cathode, and it is often necessary to 
subject such valves to very long ageing treatment 
in order to establish stable characteristics. 

The control of secondary emission is equally 
difficult, and depends on the same factors as does 
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contact potential. It has in fact been shown in the 
G.E.C. Research Laboratories''’ that the secondary 
emission from a contaminated surface is closely 
related to its contact potential and work function. 
Variations of + 50 per cent in the value of secondary 
current from the screen to the anode of a screen-grid 
valve are quite common, and will introduce deviations 
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(a) High-impedance triode, showing large effect of contact-potential 
variation. 


(b) Low-impedance triode, showing neglible effect of contact- 
potential variation. 


from the mean value of anode current of 15 to 20 
per cent, while the value of the screen current may 
vary between positive and negative valves. 


(c) Negative Grid Current and Input Impedance. 


The main causes of negative grid current when 
the grid is at a negative potential with respect to the 
cathode are: (i) Leakage across insulators. (11) 
Positive-ion current to the grid due to poor vacuum. 
(111) Electron current from the grid (grid emission). 
The maximum permissible value of the total grid 
current due to these causes varies, according to the 
purpose for which the valve is used and according 
to the value of the resistances which may be included 
in the grid circuit, between 10° and 5 x 10° amp. 


(i) Leakage. 

Little difficulty is experienced in obtaining 
electrode spacing insulators having a sufficiently high 
resistance (of the order 10'° ohms) even with the 
small distances between electrode support wires ; 
but films of metal (e.g. barium) deposited on the 
insulator surfaces during pumping and subsequently, 
may reduce the insulation considerably. When 
mica is used, it is usual to roughen the surface by 
covering it with a thin layer of magnesium oxide, 
so that the metallic deposits do not form continuous 
films between electrodes. Another possible source 
of leakage between electrodes is the glass pinch, 
if its temperature rises and electrolysis occurs. The 
material used for valve pinches is usually a lead glass 
having high insulating properties (fig. 22), and in 
practice leakage currents are negligible if the tem- 
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perature is below 200°C. In power output valves 
and power rectifiers, special precautions may be 
necessary to ensure that this temperature is not 
exceeded. Most of the heat received by the pinch 
is conducted to it along the electrode support wires, 
and the substitution of wires of a metal with low 
thermal conductivity, such as nickel-chromium or 
nickel-iron alloys instead of nickel, reduces the 
temperature of the pinch considerably. To give 
one example, in an output pentode in which the 
temperature of the pinch was regarded as being 
dangerously high (205°C.) with nickel support 
wires to the anode, the substitution of nichrome 
wires reduced its temperature to 150°C. In the 
“ring seal,’ shown in fig. 23, which has been used 
for several types of small valves, the glass is at a very 
low temperature, and the lead-in wires are separated 
from one another by greater distances than are 
possible in the usual type of flat pinch. Leakage 
currents through the glass are therefore negligible. 


(11) Positive-ion current. 

The gas pressure which will produce a given 
positive-iron current to the grid of a valve depends 
on the nature of the gas, the magnitude of the electron 
currents, the potentials of the electrodes, and the 
electrode design, and is therefore different from 
different types of valve. Valves in which the control 
grid is not adjacent to the cathode such as the heptode 
oscillator-detector, are more sensitive to gas than 
triodes, tetrodes, and pentodes. Measurements made 
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valve pinches. 


on representative types of valves have shown that the 
maximum permissible pressure which may exist 
without causing excessive grid current is of the 
order 10° mm. of mercury. Although the pumps 
used for exhausting valves in mass production 
are not capable of reducing the pressure to less than 
10° to 10* mm. of mercury, the average pressure 
in modern valves using efficient getters (such as 
barium) is about 10°’ mm. or in some cases as low 
as 10° mm. of mercury. 
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(111) Grid emission. 

In power output valves and in indirectly-heated 
cathode valves, in which the grid-cathode clearance 
is small, electron emission from the grid is difficult 
to prevent. Many attempts have been made to 
reduce grid emission by treatment of the surface of 
the grid wires, such as plating with copper or silver. 
These metals can dissolve barium deposited on 
them, leaving a low barium concentration on the 
surface, which has a relatively high work function. 
Experiments have shown, however, that little diffi- 
culty would be experienced if barium metal alone 
were deposited on the clean grid surface, and that 
it would be possible for a grid contaminated in this 
way to operate at a temperature as high as 400° C. 
without risk of excessive emission. Barium oxide 
on the grid surface, however, may cause serious 
grid emission at temperatures as low as 320° C., 
and the main difficulty arises owing to the fact that 
the grid surface may oxidize during pumping when 
the barium-strontium carbonates are being decom- 
posed, and a barium-on-barium oxide layer then 
results from the subsequent deposition of barium 
on the oxidized grid surface. Although plating the 
grid with silver or copper is effective in reducing 
the average value of grid emission in any type of 
valve, it is not a certain cure, and the authors have 
found that in large-scale production a small per- 
centage of valves with excessive grid current is 
produced. Further, the volatilization of the metal 
or the oxide of the metal deposited on the grid often 
“poisons” the cathode emission. 

The only sure method at present known of 
preventing emission from the grid of a valve is to 
keep the grid temperature below 320°C., and to do 
this when the grid wires may be less than 0-5 mm. 
from a cathode at 770°C. is not easy. Grid support 
wires made of a metal with high thermal conductivity, 





Fig. 23. Glass ring seal. 


é.g., Copper, are employed in some types of valves 
often with radiating fins welded to the end of the 
grid (a modification which unfortunately increases 
the grid capacitance and makes screening more diffi- 
cult), The thermal conductivity of the grid-winding 
wire material is also an important factor in this 
connection, as in the fine wires used there may be a 
considerable temperature gradient between the part 
of the grid nearest the cathode and the support 
wires. Some alloys which valve manufacturers 
would like to use (owing to their mechanical properties 


and low cost) have a very much lower thermal 
conductivity than molybdenum, and for this reason 
cannot be employed in grids adjacent to the cathode. 
The substitution of such alloys would increase the 
temperature of the hottest part of the grid by as 
much as 30 deg. C. and seriously increase the risk of 
grid emission. 

Anodes and screens with carbonized surfaces or 
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Fig. 24._-Triode for valve voltmeter. 


made from mesh instead of sheet metal are also used 
to prevent the grid from becoming overheated by 
radiation reflected from their inside surface. The 
temperature reduction effected in this way may be 
as much as 100 deg. C., and there are in fact few 
indirectly-heated valves made to-day in which this 
precaution is not necessary. 

In addition to the three main causes of grid 
current mentioned above, there are several other 
contributory causes such as positive-ion emission 
from the cathode, and photo-emission from the grid. 
The values of these currents are, however, extremely 
small, and their elimination is only of importance 
in valves designed for special purposes, such as 
electrometer triodes and tetrodes, in which grid 
currents as low as 10°’ amp. are obtained.‘'*'”) 

During the past few years, the improvements in 
the efficiency of tuned circuits have necessitated a 
corresponding improvement in the high-frequency 
impedance between the grid and other electrodes of 
valves for use at radio frequencies. Circuits with an 
impedance of 0-5 megohm at 1 000-1 500 kilocycles 
per sec. are now quite common, and in order that the 
valve shall not seriously load such a circuit, its 
impedance must exceed 3 megohms. The valve base 
and socket are here the main limiting factors, and it 
is now becoming more usual to design valves for 
radio-frequency purposes with the grid lead taken 
to a cap on the top of the valve rather than to a pin 
in the base. When a still higher grid impedance 
is required, as in the case of valves for use as valve 
voltmeters at radio frequencies, specially designed 
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insulators for the grid are substituted for the usual 
mica bridge. A high frequency voltmeter valve 
which has an impedance of more than 20 megohms at 
1 200 kc is shown in fig. 24. 


(d) Bulb Charges. 


One other factor which may seriously affect the 
characteristics of a valve must be mentioned. This 
is secondary emission from the walls of the glass 
envelope. It is well known that an insulated elec- 
trode in a thermionic valve can under certain con- 
ditions assume either of two stable potentials. If 
the electrode is initially at cathode potential or at any 
positive potential below that at which the number of 
secondary electrons emitted per primary is unity, 
then the electrode will collect electrons from the 
cathode until its potential has fallen to a small 
negative value —V, at which equilibrium is estab- 
lished between the rate of arrival of electrons having 
initial velocities greater than ,(2V,e/m) (e and 
m being the charge and mass of the electron) and 
the leakage current between the cathode and free 
electrode. If, on the other hand, the initial positive 
potential of the free electrode is greater than the 
value V, at which the ratio of secondary to primary 
electrons is unity, and the anode potential V, is also 
higher than V,, then the free electrode will assume 
a final equilibrium potential V, at which the second- 
ary current from the free electrode to the anode is 
equal to the primary current from the cathode to the 
free electrode. The value of V, will depend on the 
secondary-emission coefficient at V, and the space 
charge in the neighbourhood of the free electrode. 

The internal surface of a glass bulb, particularly 
if this is coated with a film of an electropositive metal 
such as barium, behaves in exactly the same way, 
and the characteristics of the valve will be modified 
according to whether the surface is at the potential 
—V, or + V, since the potential distribution in 
the space inside the envelope will be different in the 
two cases. 

The effect was observed in screen-grid valves 
several years ago, when it was found that the anode 
impedance fell to one-third its normal value if the 
bulb was raised initially to a high positive potential, 
or if the bulb surface became momentarily charged 
by electrostatic induction on applying a positive 
potential to the anode. The initial flow of electrons 
passing through the screen reached the bulb, 
secondary electrons were emitted, and a high bulb 
potential was maintained which reduced the valve 
impedance. Valves in which the envelope had been 
metallized externally did not exhibit the phenomenon 
since the metallic coating at earth potential prevented 
the inside surface of the bulb from acquiring a high 
positive potential. 

More recently, a curious distortion of the output- 
current wave-form (fig. 25) has been observed in 
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some output pentode valves. This is known as the 
“buzz” or “‘S”’ effect, and is due to the induction of 
charges on the bulb which then emits secondary 
electrons when the anode potential swings above a 
critical value. In a power valve, it is not possible to 
metallize the outside surface of the bulb, as this 
would increase the temperature of the bulb and 
electrodes considerably, and shorten the life of the 
valve. One method of overcoming the difficulty 
is to arrange earthed screens at the ends of the 
electrode system, as shown in fig. 26, so that no 
electrons from the cathode can reach the bulb. A 


Fig. 25.—Output wave-form showing ‘‘buzz’’ effect. 


simpler method which is effective in most cases is 
to coat the inside of the bulb with a material such as 
lampblack which has a low secondary-emission 
coefficient. 


PROPERTIES OF MATERIALS, AND MANUFACTURE 
OF COMPONENTS. 


From what has already been said, it will be 
evident that a very close control must be kept of the 
mechanical properties of materials used for com- 
ponents. The manufacturer is limited in his choice 
of metals from which to make electrodes to those 
which possess high melting-points, and which have 
low vapour pressures even at temperatures as high 
as 1000°-1 100° C., the temperature reached by 
the electrodes during pumping. 





TABLE 2. 
Valve type 
ote | Outpct pentodc 
Triode Output pentode | (air-cooled 
“G. "C. anode) 
Cc. 
Heater oe 1 150 1 1£0 1 150 
Cathode at ae 770 770 ; 770 
No. 1 grid .. ee 300 315 325 
No.2grid .... | 410 417 
No.3 grid... — 260 275 
Anode a - 420 445 145 











The operating temperatures of the electrodes 
vary according to the type of valve; Table 2, giving 
the results of measurements taken under operating 
conditions for a high-impedance triode and two 
output pentodes, is typical. 
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Nickel is usually employed as the anode material 
and for electrode suppert wires, but is not sufficiently 
rigid for the winding wires of grids. The diameter 
of these must, for reasons already stated, be as 
small as possible, and molybdenum, alloys containing 
molybdenum, or—for some  purposes—nickel- 
manganese alloys, are used. All these metals are 


-| 


— i 


. a END PLATES 








Pnae we we ewe re nw OO Kr Or eK SKS 


 |+END PLATES 


CATHODE 
- CONTROL GRID 
——~ SCREEN GRID 
~~ SUPPRESSOR GRID 
~ ANODE 


| 


Fig. 26. A method of preventing secondary 
emission from bulb. 


readily obtained free from undesirable impurities, 
are easily worked, and do not tarnish on exposure 
to the atmosphere, which in a valve factory may be 
extremely hot and humid. Iron is sometimes used 
as an anode material for screen-grid valves in which 
the anode is in the form of two plates, since it can be 
heated, during pumping, by hysteresis due to the 
magnetic field of the eddy-current heating coil. 

Electrodes such as anodes and screens which are 
made wholly or in part from sheet metal are pressed 
into the required shape, and precautions must be 
taken to prevent distortion due to strain in the metal 
when it is heated in the valve. 

The manufacture of grids, which at one time 
was an extremely laborious process, is now carried 
out on special machines capable of winding as many 
as 200-1 000 grids per hour, depending on the grid 
pitch. Fig. 27 shows a photograph of part of one 
of these machines. Fig. 28 shows rather more 
clearly the action of the machine. The support 
wires S are fed into grooves on the rotating mandrel 
M, and the winding wire G is wound into notches 
cut in the support wires by the fixed cutting-wheel C. 
The winding wire is fixed in position in the notches 
by a swaging wheel H which hammers the metal 
of the support wire over the winding wire. The 
earlier practice of welding is thus eliminated. The 
grids are wound in lengths of about 60 cm. and 
subsequently cut into the required lengths, and if 
necessary stretched or pressed to their final shape. 
By the operation of a cam on the machine a gap or 





gaps can be introduced in the winding of grids which 
are required to give a variable-mu characteristic. 

We have already indicated the degree of accuracy 
required in grid dimensions to ensure uniform 
characteristics. The importance of uniform mechan- 
ical properties of the wire used for winding grids, 
which are of course always slightly larger than the 
mandrels on which they are finally pressed or 
stretched, will be appreciated. The strain introduced 
during final shaping must be small, as otherwise 
distortion will occur on heating. 





Fig. 27.—Grid-winding machine. 


Equally important as the mechanical properties 
are the “‘gas properties’’ of the electrode materials. 
Here the term “gas properties’ is intended to 
include not only the amount of gas which may be 
included in the metal (either “‘volume’”’ or ‘‘surface’”’ 
gas) but also the capacity of the metal to re-absorb 
gas on its surface. This last factor is in some cases 
even more important than the first. An exhaustive 
study of the sources of gas in receiving valves has 
shown that the carbon dioxide adsorbed by the 
electrodes during decomposition of the barium- 
strontium carbonates on the cathode is far more 
difficult to remove than the residual gas existing 
in the metal, and that the nature of the surface of 
the electrodes has an enormous effect on this adsorp- 
tion. Table 3 gives the relative adsorption of CO, 
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on different surfaces during the decomposition of the 
cathode carbonates. 

The “volume gas’’ in a metal may be permanently 
removed by heat treatment in vacuo or in hydrogen™”’ 
and fig. 29 shows the effect on the “‘volume’”’ gas in 
nickel of heat treatment at 1 000° C. The degree to 
which “‘volume’”’ gas is removed in practice depends 
on the purpose for which the metal is being used. 


baad 








- i < ¥ 








Fig. 28._-Grid-winding machine. 


In support wires of grids, where the ratio of volume 
to surface is relatively large, it is important to reduce 
the volume-gas content to a low level, and a long 
degassing treatment of the wire, either during manu- 
facture or subsequently, is necessary. On the other 
hand, in the case of sheet metal used for anodes and 
screens, where the ratio of surface to volume of 
metal is large, the volume gas is relatively unimport- 
ant, but the surface of the metal should be as smooth 
and bright as possible. From this point of view it is 
unfortunate that the valve manufacturer is compelled 
for reasons stated elsewhere in this paper, to use 
anodes with carbonized surfaces (see Table 3). 
For insulating and spacing the electrodes from 
one another, mica is generally employed. It has 
distinct advantages over other possible materials in 
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that it is mechanically strong even in thin sheets 
(approximately 0-3 mm. thick), it can be stamped 
too into flat plates of any desired shape with great 
accuracy, and it has just sufficient flexibility to allow 
the electrode support wires to slide easily through 
holes without becoming jammed. For temperatures 





TABLE 3. 
Relative 
Surface adsorption 

Nickel, degassed in vacuum, 15 minutes ais - l 
Nickel, degassed in vacuum, 8 hours... ad ni 2 
Nickel, degassed in wet hydrogen, 15 minutes. . ai 20 
Nickel, degassed in dry hydrogen, 8 hours 4 - 8 
Nickel, degassed in wet hydrogen, 8 hours = i“ 400 
Nickel, roughened surface sg ” i ng 4 000 
Nickel, roughened surface, exposed for 1 week - 40 000 
Nickel, carbonized surface - » és “ ; 450 











up to 500°C., the insulating properties of best- 
quality muscovite (ruby clear mica) are exceedingly 
good; it is chemically stable and evolves little gas. 
Above this temperature, however, the mica rapidly 
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Fig. 29.—-Effect of heating nickel at 1 000°C. in 
hydrogen. 


decomposes with the liberation of water vapour, one 
of the most harmful gases in a valve, and electrolyses. 
In valves in which the insulators reach higher tem- 
peratures alumina, magnesia, or steatite, pressed 
from powdered material to the required shape, and 
sintered at 1 500°-1 800° C., are employed. Good 
quality phlogopite mica, which is stable up to 
700°-800° C., can also be used. 


[To be continued]. 
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The Remote Indication of Meter Readings. 


By C. MYERS, 


G.E.C. Telephone Works, Coventry. 


HE demand for supervisory remote control 
equipment has steadily increased during the 
past few years and as the economic and 
operating advantages become more widely appreci- 
ated the demand is likely to increase rather than 
diminish. A modern and efficient system of super- 
visory remote control is designed to provide a wide 
range of facilities in the control of switchgear and 
variable plant in general, and in addition, to incor- 
porate reliable means for transmitting meter readings 
from a remote point to the control centre. This 
transmission of meter readings over distances is one 
of the most interesting aspects of the subject and it 
is intended to give here a survey of methods em- 
ployed in providing such readings. 
Remote metering is of two types (a) continuous 
and (b) on demand ; it is obtained in either of two 
ways—directly or indirectly. 
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Fig. 1..-Voice frequency transmitters giving a number 
of indications over one pair of pilots. 


CONTINUOUS METERING. 


For each continuous meter indication one channel 
is required, which may be in the form of pilot wires 
connected at one end directly to the supply to be 
measured and terminated at the other end on an 
ordinary meter, thus providing “‘direct’’ metering. 
Where a number of continuous indications are 
required, separate pilot wires may be allocated for 
each meter reading. Alternatively, a multiplication 
of channels may be obtained over one pair of wires 
by the use of voice-frequency A.C. signalling, the 
supplies to be measured being converted into a form 
suitable for transmission over such channels. This 
is an example of “‘indirect’’ reading (fig. 1). 


ON-DEMAND METERING. 


As the term implies, this method of metering 


provides selected indications “on demand,” the 
method of metering being either direct or indirect. 
An additional type of indication peculiar to on- 
demand metering is one providing “spot readings,” 
which give an indication at the instant of taking the 
reading, but whereby fluctuations may not readily 
be observed. 


DIRECT METERING. 


Direct metering is obviously the best of all 
metering methods, being used without exception 
when the conditions are suitable and a sufficient 
number of pilot wires is available. 

In the measurement of direct currents and 
voltages, fig. 2 (a) and (b), the pilot cables must be 
capable of withstanding the pressure of the D.C. 
system. Although the power available from a D.C. 
shunt is small, suitable choice of meter will enable 
accurate readings to be obtained over a considerable 
length of pilot wires. By stepping down the supply 
voltage when measuring A.C. voltages, fig. 2(d), pilot 
cables of low insulation properties can be employed. 
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Fig. 2._-Direct metering. 
(a) and (b) direct current and voltage. 
(c) and (d) alternating current and voltage. 


Alternating Current Readings. 


The remote indication of alternating currents 
introduces two major difficulties not present in 
(a), (b) and (d). The pilot wires cannot be connected 
directly to a current transformer feeding a local 
meter, since inaccuracies would result from the 
increased burden. Further, since in the case of on 
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demand readings switching takes place, a danger 
exists of open-circuiting the transformer, with 
consequent rise of secondary volts, and although 
the method of switching can be such as normally to 
preclude this possibility the danger should always be 
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Fig. 3. 


considered. A good system of remote metering of 
A.C. current is one which inherently prevents a rise 
of secondary volts rather than absorbs such rise 
after it occurs. 

By introducing an auxiliary current transformer 
with a step-down ratio, the burden imposed on the 
initiating current transformer can be reduced to 
reasonable limits. The normal design of current 
transformer relies on the primary and secondary 
currents being in phase. To accomplish this, the 
magnetizing current of the transformer is kept as 





Fig. 4._-Auxiliary current transformer. 
Dimensions 5}in. » 44in. * 3in. 


low as possible. In the event of the secondary 
becoming open-circuited, the whole of the primary 
current becomes magnetizing, with rise of secondary 
volts and risk of damage to the insulation. 

Since, however, the primary of the auxiliary 
transformer is connected solidly to the secondary 
of the originating transformer, possibility of excessive 
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rise in volts is prevented, but should the auxiliary 
transformer itself be of normal design then 
Open-circuiting its secondary would cause an excess 
of burden on the originating transformer and 
inaccuracies in local readings would result. Further, 
the secondary of the auxiliary transformer would 
be unprotected. Any auxiliary transformer relying 
on the primary and secondary currents being in 
phase will introduce these troubles into a metering 
system. 

Fleming realized the difficulty of switching 
current-metering circuits and designed an initiating 
current transformer with an approximate 90° phase 
angle (i.e., the primary current is almost entirely 
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resistance of rectifier instrument. 


magnetizing) and employed meters operating on very 
small currents. In this manner he arranged to switch 
meters from one circuit to another without endanger- 
ing the system should the secondary become open- 
circuited. 

It will be realized that in the two extreme con- 
ditions of secondary and primary currents being 
completely in phase and 90° out of phase, the trans- 
former is incapable of delivering power in the 
secondary circuit and that only by shifting the 
phase can power be obtained from the transformer. 
It can be proved that any current transformer 
delivers its maximum power when the primary 
current is lagging 45° behind the primary im- 
pressed voltage (fig. 3). Clearly, then, this is the 
most suitable state for the normal operation of the 
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auxiliary transformer, since (a) it is most capable 
of delivering the power to drive the metering current 
through the line, and (b) approximately 0-7 of the 
primary current being already magnetizing, on 
open circuit the rise of voltage and burden is of 
little consequence. 

Current transformers—of which that shown in 
fig. 4 is typical—designed to comply with the above 
principle and having an airgap in the magnetic 
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former at the receiving end is designed to introduce 
a corresponding phase displacement, thus neutraliz- 
ing the effect of the original displacement. 


INDIRECT METERING. 


Where the direct transmission of metering 
signals is impracticable, the original metering quantity 
must be translated into some other form before being 
transmitted. One form of transmitter is the locked 
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Fig. 6.—-Pilot wires with protective equipment. 


circuit, possess a straight-line response for their 
full range and are left normally open circuited 
when switching systems are employed. They have 
a burden when open-circuited of approximately 
3 VA. 

A further point is encountered on A.C. circuits 
when moving-coil rectifier instruments are employed, 
the change of internal resistance of the rectifier over 
the range of the meter (fig. 5) requiring attention. 
Special calibration can be employed to correct for 
this error and ballast resistances can be included to 
mitigate the effect, these measures being satisfactory 
on a simple circuit. 

Cases, however, do arise where a simple circuit 
cannot be provided, as is shown, for example, in 
fig. 6. The circuit employs terminal transformers 
and drainage coils. Such an arrangement is necessary 
when pilot cables are subject to induced surges from 
adjacent power lines and require some form of 
pilot cable protective equipment. The parallel 
impedance of the circuit formed by the meter and 
drainage coils is such as to emphasise the effect 
introduced by the meter rectifier. This effect is 
illustrated in fig. 7 which shows a complete cut-off 
at 10 per cent full-scale reading. Under these 
circumstances moving-iron instruments are used, 
the only disadvantage of this type of instrument 
being the increased burden. 


Watts and Power Factor Readings. 


The principle of introducing a phase shift is 
also applicable to the remote indication of watts and 
power factor. Fig. 8 shows an arrangement using 
only three pilot wires. Two channels are obtained 
by forming a phantom circuit, the physical circuit 
being used for the voltage component and the 
phantom circuit for the current component. Since 
the auxiliary current transformer introduces a 45° 
phase angle, a correction is necessary at the receiving 
end. To accomplish this, the line potential trans- 


pointer meter illustrated in fig. 9. This is an 
adaption of a standard meter movement by the 
addition of a light spring attached to the pointer. 
The spring moves freely over an arc of contacts and 
beneath two segments as shown. The meter is 
connected to the supply to be measured and the 
pointer follows the fluctuations. When a reading is 
required, electro-magnets in the meter are energized 
and clamp the spring between one of the contacts 
and the segment above it. The reading is given by 
transmitting a code of impulses characteristic of the 
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Fig. 7.—_Inaccuracies introduced by parallel circuits 
when rectifier instrument is used. 


contact on which the spring is resting. This provides 
a simple method of transmitting spot readings. 
One of the features of the instrument is that no load 
is imposed upon the initiating movement. 

At the remote point an electro-mechanical meter 
(fig. 10) is employed to receive the impulses. This 
meter incorporates a two-way uniselector fitted with 
a pointer moving over a suitably calibrated scale. 
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The uniselector is very similar to those used in 
automatic telephony, being a switch with a rotary 
motion in either direction, which can be positioned 
at any point according to the number of impulses 
received. Obviously, such a reading is unsuitable 
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pendent of waveform, these two characteristics being 
capable of distortion by the pilots. 

A system has been developed in which variations 
in the measured reading produce variations in the 
indication by varying the frequency of a current 
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Fig. 8... Remote indication of watts and power factor simultaneously over three pilots, 
using phantom circuit. 


where continuous indications are required or where 
it is desired to observe fluctuations. 

An advantage of indirect metering is found 
when pilot line conditions are such that they may 
possibly affect direct readings. Whereas the direct 
method relies on amplitude of transmitted currents 
and is therefore dependent upon line conditions, 
conversion of the measured quantity may be made 
to a form for indirect readings which is independent 





Fig. 9._‘‘ Locked pointer’’ meter for transmission 
of spot readings. 


of these conditions. Complete freedom from line 
distortion is assured if the reading to be measured 
is converted into an alternating current whose 
frequency varies with variations in the reading. 
In other words, the indication does not rely on the 
amplitude of the transmitted current and is inde- 


transmitted over the pilots. The schematic diagram 
is shown in fig. 11. An oscillator generates a current 
at any convenient frequency, generally from 300 
to 3,000 cycles per second, which is amplified and 
passed to the pilots. The rays from a source of 
light act upon a photoelectric cell and are interrupted 
by a slotted disc rotating on a spindle. This spindle 





Fig. 10..-Mechanical meter for receiving indications 


from ‘‘ locked pointer’’ meter. 


may be that of an ordinary watt-hour meter 
mechanism (fig. 12), or any other device in which 
the rotary speed varies with the quantity to be 
measured. 

As a result of rotation of the disc the photo- 
electric cell becomes alternately conductive and 
non-conductive and governs the action of the 
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amplifier in a manner which causes the oscillator 
output to be interrupted in its passage to the pilots. 
Impulses of current are thus produced at a rate 
which corresponds to the interruptions of the light 
ray and therefore to the speed of rotation of the shaft. 
The impulses pass over the pilots and are amplified 
and rectified at the control station. The resulting 
D.C. impulses operate a high-speed relay, which 
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Fig. 11. 


forms part of a simple arrangement responsive to 
variations in the periodicity of the impulses. The 
indication on a meter incorporated in this arrange- 
ment is proportional to the periodicity and is thus 
a measure of the quantity measured at the substation. 

At the control point the reading is dependent 
upon a stabilized D.C. voltage supply and any vari- 
ations in the supply would register as an error in 





Fig. 12. 
photocell and amplifier-interrupter. 


Watt-hour meter mechanism with 


reading. It is important, therefore, that this supply 
be kept steady at a fixed value. A voltage stabilizer 
(fig. 13) is employed in which a neon tube operates 
in series with a resistance R, the former acting as a 
buffer battery between the source of supply and the 
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load. A source of current stabilized in this way 
behaves in exactly the same manner as a battery 
having a very low internal resistance. Any rise or 
fall in the impressed voltage causes a change of 
current through the resistance R, this change of 
current being absorbed by the neon tube without 
producing any change in voltage of the regulated 
source of supply. The curve in fig. 14 gives the 
relation between the current through the tube and the 
voltage across it. 


Fig. 13. 
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Voltage stabilizer circuit. 


CONCLUSION. 


As the most extensive applications of remote 
supervisory control have been made to electric 
power undertakings, the greatest need for metering 
facilities has been related to the electrical quantities 
referred to in the foregoing outline of methods. In 
actual fact, it may be said that almost any variable 
quantity such as water flow, water level, gas pressure, 
etc. as encountered in undertakings other than 
electrical, may equally well be indicated over a 
distance. In all cases, the requirements are a 
channel for the transmission of the indication and a 
device for converting the quantity to be measured 
into a form suitable for transmission over this 
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Fig. 14. -Relationship between current through 


and voltage across neon tube. 


channel. That such devices are practicable is 
evidenced by the typical photocell. transmitter 
already described, whilst experience with them 
shows a high degree of accuracy combined with 
reliability and reasonable cost. 
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Statistical Technique as a lool in Industry. 


By B. P. DUDDING, A.R.C.S., F.Inst.P., M.B.E., and W. J. JENNETT, B.Sc. (Eng.) 


Research Laboratories of The General Electric Company, Ltd., Wembley, England. 


HISTORICAL. 
HE Theory of Probability 


has evolved from a number 

of sources. In a crude form 
it existed as a basis of a kind of 
insurance in the time of the Greek 
civilisation, 500 to 300 B.C. = iIt 
was developed by the merchants 
and bankers in the Middle Ages. 

At the time of the Renaissance 
it emerged in a new form. We 
find attempts to solve problems 
arising in games of chance. For 
example, Galileo (1564-1642) was 
asked by an Italian nobleman 
why it was that when tossing 
three dice, a total of nine or a total of ten can each 
be derived in six ways (all different from each 
other), yet in actual experience ten appears more 
often than nine. Galileo made an analysis of the 
problem and showed that of 216 ways of throwing 
three dice, 27 are favourable to ten and 25 favourable 
to nine. 

Many mathematicians, although not necessarily 
gamblers themselves, became intrigued with this 
class of problem Among these might be mentioned 
Pascal, Fermat and Huygens, the latter of whom 
appears also to have indulged in many forms of games 
of chance. James Bernoulli, Montfort, De Moivre, 
John Graunt and John de Witt discussed many 
mathematical problems including the idea of prob- 
ability of occurrence of an event. At about this 
time, under the influence of English experimentalists, 
the theory took a new form, one associated with 
errors of observation and in this form it is often 
referred to as the “Theory of Errors.” , 

Lagrange, Simpson, Daniel Bernoulli, Euler, 
Legendre, Gauss and many others associated with 
science carried the mathematical methods forward. 
An interesting development was the elaborate 
statistical theory of gases by Maxwell based on the 
law of Laplace-Gauss for the distribution necessarily 
arising for a combination of random factors. 

In more recent times the work of Karl Pearson 
and Prof. Fisher in England has greatly advanced the 
theoretical work, but apart from research work in 
the agricultural industry, comparatively little atten- 
tion has been given to the subject by research workers 
in industry. 

Since the foundation of the G.E.C. Research 


selves. 


ee 


In this article 
have tried to indicate to engineers 
and other technicians the possibili- 
ties opened up by the application 
of statistical methods to some of 
their problems. 

A full exposition of 
methods themselves does not fall 
within the scope of the article, 
but the authors have given a 
selection of suitable literature 
which will enable those interested 
to study the technique for them- 
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Laboratories in 1919 the staff have 
been continually associated with 
the manufacture of various classes 
of product. One of the phases of 
their work is the study of the 
: influence of changes in material 
the | and/or processes on the properties 
: ofthe resulting product. A develop- 
ment of this is the utilization 
of data derived from routine tests 
on a product for the purpose of 
formulating internal and national 
specifications, many of them de- 
pending upon sampling from bulk 
supplies. 

About 1924 it was realized 
that for a proper interpretation of data derived 
from the testing of a manufactured product an 
application of the principles of statistics was essential. 
The reason for this may be stated in general 
terms. First, that if some quality of a product 
is measured it will be found that, even with the 
greatest care in production, the values derived 
from the measurements are not all exactly the 
same but tend to be distributed about the objective 
value. Secondly, in testing a product made in 
large quantities, economy of time and of money 
nearly always determine the number of samples 
which can be tested and, therefore, it is funda- 
mentally necessary to know to what extent the 
results derived from the samples tested can be 
treated as an estimate of the result which would 
be derived if it were possible to test every individual 
article. It will of course be realized that closely 
allied with the variations referred to in the product, 
there are the variations in the measurements them- 
selves. These are exhibited when repeating the 
Same measurements a large number of times on 
exactly the same article. It is often necessary in 
practice to estimate the relative magnitude of these 
two effects. In fact, cases have been experienced 
where it has been clear that improvement in the 
measuring apparatus was essential before any appreci- 
able progress could be made in estimating with a 
sufficient degree of certainty the amount of vari- 
ability in the product itself. 


the authors 


INTRODUCTION. 


It is almost natural when asked to set a numerical 
value to some property or characteristic of an article, 
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to quote the arithmetic average or mean of a number 
of different values, but this is only one example of a 
number of different criteria that can be adopted. For 
example, if 9 measurements are available it is con- 
venient and reasonable to quote as the represent- 
ative value the fifth in order of magnitude, known to 
statisticians as the “‘median.’’ Likewise when 
thinking of the amount of variability exhibited by 
a number of observations the total range covered 
by the observations can be used, or alternatively, 
as a measure of this variability, the average deviation 
of the observations from the arithmetic average might 
be used. 

It is not proposed in this article to discuss fully 
all these statistical quantities, or to deal at length 
with the theoretical relations which connect corres- 
ponding statistics for the sample and for the 
‘“‘nopulation’”’ from which the sample is derived. 
The reader is referred to the various text books 
listed at the end of this article, but definitions of 
the more important statistics are given to assist 
the reader when considering the illustrations quoted. 

Suppose that a single characteristic has been 
measured for each of a large number of individual 
articles, for example, the tensile strength of pieces 
of wire or bars of steel, the expansion coefficient 
of ingots of some alloy, or the volume of milk bottles. 
Now, if the range of value covered by the measured 
characteristics be sub-divided into small equal units 
and the number of values counted which fall within 
each of these units, then diagrams can be constructed 
having the form illustrated in fig. 1. 

These are often called “distribution diagrams’’ 
or ‘frequency of occurrence’’ diagrams for the 
characteristic considered. Because statistics were 
first applied to characteristics of human beings, 
such as the length of life, height, etc., the complete 
mass of data is usually referred to as the “‘population”’ 
and a small group of selected values as the “‘sample.”’ 
When describing either a population or a sample of 
observations, the statistician makes use of a number 
of representative or derived values, each of which is 
generally referred to as a “‘statistic.’’ The more 
common of these are defined as follows :— 

Arithmetic Mean (generally called average or 
mean) is the sum of the observed values divided by 
their number. 

Deviation is used to describe a departure from 
the mean; that is to say, it is the difference between 
an observed value and the arithmetic mean of all 
observed values. 

Variance is the mean of the squares of the 
deviations. 

Standard Deviation is the square root of the 
variance, that is, the square root of the mean of the 
squares of the deviations of all the observed values. 
It is usually represented by «. 

Coefficient of Variation (c. of v.) of a group of 


measurements is their standard deviation expressed 
as a percentage of the arithmetic mean of the group 
of measurements. 

To illustrate these terms the following figures 
will be used, 11-65, 11-35, 11-50, 11-50, 11-55, 
11-55, 12-10, 11-85, 11-70, 11-80, 12-05, 12-05, 
12-10, 11-85, 12-10, 11-70, 11-70, 11-75, 12-10, 
11-95, 11-40, 11-65, 11-40, 11-60, 11-40. These 
figures are the measured efficiencies of twenty-five 
lamps of the same make and rating purchased on 
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Fig. 1.—Normal distribution, or frequency of 
occurrence curve. 


the market in batches of five lamps from dealers in 
five different towns. 

The arithmetic mean is 1/25th of the sum = 
11-735. 

The deviations are respectively —0-085, —0-385, 


—0-235, —0-235, —0-185, —0-185, +0-365, 
+0-115, —0-035, +0-065, +0-315, +0-315, 
—0-365, +0-115, +0-365, —0-035, —0-035, 
+0-015, +0-365, +0-215, —0-365, —0-085, 
—0-335, —0-135, —0-335. 


The variance is the mean of the squares of the 
deviation or, 
1/25 (0-085* + 0-3857... + 0-335*) = 0-0612 


The standard deviation =,/ variance 
- vi 1/25 (0-085? +0-3852 . . +0-335%) | =0-247 
The coefficient of variation | 


= 100 x Patina = 2-11 per cent. 

The theoretical relationships which connect 
values derived from testing samples with the values 
which would be derived from testing a large popu- 
lation of articles, are always based on the assumption 
that the distribution of the values for the population 
takes some definite form capable of mathematical 
description. Actually, in practice, it will be found 
when measuring some attribute of a manufactured 
product that there is a tendency for the distribution 
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of these measurements to approximate to one or 
other of what might be called standard forms. 
One of the most common distributions is that known 
as the “‘Gaussian”’ or ‘‘Normal’’ distribution, and it 
is in connection with distributions of this type that 
a large proportion of the theroetical statistical work 
has been done. For examples of distributions met 
in practice see references given in the appendix. 
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Fig. 2.—Control charts for strength of glass tubing. 


EXAMPLES. 


With this brief indication of the class of problem 
with which this article is concerned it is proposed 
to give a number of examples illustrating the applli- 
cation of statistics to technical problems. 

It is convenient to sub-divide the problems into 
two types, one in which we are concerned principally 
with individual measurements and the variation 
exhibited by a number of them, and the other type 
in which we are concerned with a proportion of 
observations which lie within a certain range, the 
extreme form of this being the case in which it is 
only possible to classify an article as good or bad. 
Dealing with problems of the first type we propose 
to give examples illustrating three methods of 
analysing data. 


THE CONTROL CHART. 


This is of particular interest to those whose duty 
it is to watch the quality of a regularly produced 
article by means of tests made on samples. 
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The method relies on the existence of sufficient 
test data on a product manufactured throughout 
an appreciable period in order to determine the 
normally attainable average value of that particular 
characteristic of the product under observation and 
to determine the degree of variability in this 
characteristic (as measured by the standard devi- 
ation). With this knowledge, it is possible to 
construct charts indicating the limiting values 
within which should fall some definite proportion 
of the tests results as they become available. Experi- 
ence has shown that a very useful criterion is to 
choose limits within which 19 test results out of 
20 would be expected to fall, if the quality of the 
bulk product continued at the same level as during 
the period from which the basic data was derived. 
The charts then take the form shown in fig. 2. 
To illustrate this convenient method of logging and 
plotting test results some data derived from the 
routine testing of glass tubing for breaking strain 
have been utilized'. The number of individuals in 
each test sample is 8, being samples selected at 
random from the production of each 8-hour shift. 
The full line drawn on the chart is the average value 
determined by testing over an appreciable period 
when the tubing was known to behave satisfactorily 
in the lamp factory where it was used, and the two 
dotted lines represent the limit values within which 
the average value for the 8 samples should fall 
19 times out of 20, providing no change is taking 
place in the product. The lower diagram similarly 
gives the standard deviation of the product and the 
limits within which the standard deviation of the 
8 samples would be expected to fall 19 times out of 
20. 3 

It will be noted that the average value of shift 
2988 was rather low. The result for the next 
succeeding shift exhibited a high value for the 
standard deviation. These results aroused suspicion 
and tests taken early in the next shift (2990A) 
confirmed that a change in quality had occurred. 
A detailed investigation of the plant revealed the 
cause. The test results for the subsequent shifts 
indicate that the disturbing factor had been traced 
and eliminated. 

Anyone first attempting to apply this method 
of logging results invariable meets difficulties which 
appear to be a bar to its application. A discussion 
of some of the questions which normally arise 
will be found in the article reference No. 11. 


ANALYSIS OF VARIANCE. 


As defined earlier the mean squared deviation 
of a set of observations from their arithmetic mean 
is known as the variance, and is the square of the 
standard deviation. It has the property that con- 
tributions to the variance from different causes 





1—See Appendix, reference 11. 
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Colour Floodlighting 
for the 
Coronation 
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The south front of Hampton Court Palace flood- 
lighted for the Coronation by means of ‘‘Osira’’ red 
colour floodlights and white tungsten lamps. The 
red **Osira”’ light brings out the natural colours of 
the red brickwork, while the white light of the 
tungsten lamps picks out the white stone facings. 
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combination of decorative devices and colour floodlights at the Bank of England 
provides a striking effect. 


Red, green and yellow ‘‘Osira’’ floodlights are employed in the floodlighting of the 
Royal Pavilion, Brighton. 
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An effective floodlighted curtain of water arranged for the Coronation by the Metropolitan Water Board 
at their headquarters in Rosebery Avenue, London. The lighting installation in four colours is 
operated by a flasher to give a constantly changing Kaleidscopic effect. 
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The brilliant display in the Dutch Garden at Hampton Court Palace. 
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Floodlights equipped with ‘‘Osira’’ high pressure 
mercury lamps emphasize the classical lines and 
enhance the light tone of the facade of the new 
buildings of D. H. Evans in Oxford Street, London. 





a" — 


STATISTICAL TECHNIQUE IN INDUSTRY 213 


are additive. This property makes the variance 
more useful than the standard deviation when 
analysing a mass of test data with a view to 
determining the relative magnitudes of various 
sources of variation, or determining whether a new 
source of variation has become operative. In order 
to illustrate this, the results obtained when testing a 
multi-head machine will be utilized. In _ this 
machine the articles are produced on 12 different 
heads, which, in the design of the machine, are 
arranged in two separate groups and it is usual in 
the normal factory routine to test articles produced 
on each head. In Table 1 the data derived from a 
number of such tests are given. 

A casual inspection suggests that head No. 6 
is giving poor work. The particular interest in this 
problem is that analysis of the data, in accordance 
with statistical principles, shows conclusively that 
this head was not at fault but that one half of the 
machine was producing work at a lower level of 
quality than the other half and that the results for 
the material derived from the particular head in 
question were only low because of the influence of 
chance in the selection of the samples and were 
actually consistent with the rest of the data derived 
from the remaining heads associated with it on the 
same side of the machine. 


TABLE 1. 
Test Results for Product of Multi-head Machine. 





Side of Machine LEFT. RIGHT. 


Sead No. .. 1'2'3:464/158161297181 9! 80/81 82 


930 843 742 895 917 697 977 1013 1043 8051123 923 
9871082 901 902 827| 848 1070 8651060 1065 857 1165 
8771052 855 880 843 920 680 940 863 890 957 1343 
923 870 9171003 950 973 1290 1160 1055 695 1250 1072 


g 1073 933 920 983 850 1223 1158 962 1123 1217 1080 
Z 10101163 8601113 940 990 1022 1053 1157 955 1178 
s 9201143 9401090 1127 703 930 915 1583 978 1092 
727 990 1073 1363 1277 995 810 1163 1140 1123 1528 
“ 797 1023 1023 1380 1082 855 1077 1017 1017 968 
= 1153 760 1033 823 1185 1100 
~ 1037 968 1077 1172 1043 1072 
= 1100 1010, 945 867, 1237 
= 1165 975 1297 963 
_ 1161 1050 
859 
1247 
1082 


Head Means 930 985 9471027 1013 860 999 989 1011 1074 1065 1150 
Side Means 971 1044 


Grand Mean 1015 














Tables 1 and 2 show how the data are arranged 
in order to systematize the study of it. Table 2 
indicates (a) the amount of variability which is 
associated with the product of any one head (6) the 
variability which exists between the product of the 
heads on the same side of the machine, and (c) the 
variability which is contributed by the two different 
halves of the machine. The statistical problem is to 
assess the significance of the variabilities due to the 
assignable causes, 1.e., exhibited by the different 
heads and sides of the machine, in the presence of 
the variability due to chance causes, 1.e., that shown 


by one head. The chance variation would give rise 
to some degree of variation in (6) and (c) even if 
the different parts of the machine had no influence. 
Whether the variations in the present case are 
larger than might be expected from chance can be 
tested by methods developed by statisticians. 
Referring to Table 2 the value given in the 
Column headed ‘‘The Degrees of Freedom’ is 














TABLE 2. 
Analysis of Variance. 
Vari- 
ance Significant 
Sums of Degrees or Levels of Z 
Source of Squares of of Mean Z 
Variation Deviations Free- Square 
dom Devi- lin 20 1 in 100 
ation 
(1) Differences 
within 2,773,453 116 23,910 
Heads 
(b) Differences 
within 
Heads 311,140 10 31,114 0.13 0.32 0.45 
between 
sides 
(c) Difference 
between 165,770 l 165,770 0.97 0.68 0.96 
Sides 
31,114 
NOTE. for (b) Z= , log, (= — 
23,910 
165,770 
for (c) Z = } log, (—. 
23,910 


derived by reducing the number of factors contri- 
buting to the variability considered by unity. For 
example, the degree of freedom used to calculate 
the mean square deviation from the square of the 
deviations associated with the difference between 
the results for the two sides of the machine is 
(2-1) = 1. The degrees of freedom used to 
derive the mean square deviation from the square 
of the deviations associated with the difference 
between the results for the 6 heads of each group 
in the machine are 2(6—1) = 10 and so on. 

The value given in the column headed “Z”’ is 
calculated from the mean square deviations which 
are being compared. Theory has enabled the 
value of Z which might occur due merely to chance 
to be calculated. The values which Z may have 
1 in 20 times and 1 in 100 times due to chance 
causes are given in the table. 

In other words, it is required to know whether 
the variations associated with the difference between 
heads on either side of the machine (6) or difference 
between sides (c) is larger than would be expected 
from the variations associated with chance differ- 
ences between the results derived from individual 
heads (a). 

The fact that the value 0-97 is greater than the 
calculated values 0-68 and 0-96 is strong evidence 
that the quality of the product from the two sides 
of the machine is actually different, whereas the fact 
that the value 0-13 is smaller than the calculated 
values 0-32 and 0-45 is good evidence that any 
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head on either side of the machine is producing 
work of substantially the same quality as the other 
heads associated with it. 


CORRELATION BETWEEN TWO OR MORE 
CHARACTERISTICS. 


This involves a rather special use of the analysis 
of variance and is particularly useful where it is 
desired to measure some property of a material at 








TABLE 3. 
Correlation between Two characteristics. Test Data. 
Batch | Test Values for | Test Values for 

No. A B 
1 274.5 : 1.760 
2 310.5 1.545 
3 299.0 1.365 
4 267.5 1.795 
5 323.5 1.380 
6 340.0 1.050 
7 288.0 1.715 
- 294.0 2.140 
9 318.5 | 1.105 

Av. Values 301.7 4.540 











an early stage in production as an indication of the 
quality of the final product. 

A relatively simple example will be examined to 
illustrate the method. Table 3, column 2 gives the 
average value A derived from testing a number of 
batches of raw material, and in column (3) the 
average value of a property B of the finished product 
made from each batch. It was desired to know 
whether the test A was useful in predicting the 
value of B. These data are shown plotted in fig. 3. 
The line of best fit to these observations is shown as 
a full line, and is calculated so that the sum of the 
squares of the deviations of the points from it is a 
minimum. Statistical principles are used to deter- 
mine whether the apparent relation can be taken as 
indicating the existence of a true relation between 
the two properties measured, or to indicate that the 
variability is such that the results could have been 
derived by chance sampling from a mass of data 
in which there was no real association between the 
two characteristics. 

One measure of the strength of association 
between two variables is the correlation coefficient. 
This can vary from —1 to +1, the extreme values 
showing complete association and 0 showing zero 
association. In the present example, the value of 
the coefficient is —0-765 (the negative sign indicating 
that one characteristic increases as the other decreases, 
i.e., that the correlation is inverse). Statistical 
theory shows that in sampling 9 points (as in this 
example) from a population with no association 
the correlation coefficient would rarely have a value 
outside the limits -0-66 to +0-66. Hence, the 
value of —0-765 indicates real association. The 
principles of the analysis of variance can be applied 
to this type of problem by dividing the variability 
of one characteristic into (i) a variance due to its 
relation with the other characteristic as shown by 





August, 1937 


the line of best fit, and (11) a variance due to the 
residual or chance variability about the line. The 
broken limit lines on the diagram are derived from this 
residual variation. Clearly the larger (1) is relative to 
(11) the more nearly do the points approximate to a 
straight line. The significance of the ratio of the 
two variances can be tested by the “Z”’ criterion in 
a manner similar to that illustrated in the previous 





TABLE 4. 
Analysis of Variance. 
| Significant 

Source of | Sums of — 
Variation | Squares of yeaa Variance Z — of 

Deviations 1 in 20 
Regression 

or 0.6009 l 0.6009 1.19 0.861 

Association 
Residual 0.3887 7 0.0555 











section. This is demonstrated in Table 4 in which 
the value of “Z,’’ 1-19, is likely to occur much less 
frequently than 1 in 20 times due to random sampling 
from a population with no association. In this 
connection it is of interest to note finally that having 
adopted the test ‘“‘A’’ as a guide to the utilization 
of the material in the factory the subsequent testing 
on a routine product fell within the statistical limits 
calculated from the experimental data (see fig. 4) 
A casual examination of this diagram on which the 
line of best fit and the limit lines (dotted) are derived 
from the previous chart shows that only 2 tests out 
of 28 lie outside the limits within which nineteen 
out of twenty were expected to fall—a reasonable 
statistical agreement. For a further discussion of 
this problem see ref. No. 15. 
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Fig. 3.—Correlation between two characteristics 


A and B. Experimental data. 


CLASSIFICATION OF MATERIALS INTO FRACTION 
DEFECTIVE. 


In many manufacturing processes long experience 
has led to the specification of some definite limit within 
which measured values of the property of materials 
at some stage must fall, materials outside this range 
being treated as defective. This gives rise to a general 
class of problem which cannot be treated by any 
of the methods already outlined. A long discussion 
will not be given here but the following will illustrate 
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one particular type of problem of this class. In 
production, every piece of material cannot be 
measured and sampling has to be resorted to, but 
it 1s necessary to determine whether or not the 
proportion of defectives found amongst the samples 
indicates a change in the proportion of defectives 
in the bulk coming through. 

Table 5 gives the results of a series of 16 
inspection tests on samples taken from a large mass 
of material. Inspection shows the percentage in the 
sample of material which is outside prescribed limits, 
to be changing from batch to batch. To decide whether 
this apparent change is real, the common proportion 
calculated from all the test data is first found. In 
this case for batches 1—16 the proportion is 16-5 
per cent and statistical methods are used to test the 
consistency of the proportions occurring in the 
various samples with this proportion. Some vari- 
ation could be expected due to chance sampling 
from one bulk, but theory enables the likely extent 
of this variation to be calculated. The statistical 
tests when applied to batches 1—16 show a signi- 
ficant change in the proportions in the samples. 
However, further examination shows that for batches 
8—16 the proportions are consistent with the chance 
variation that might be expected from a common 
bulk proportion of 12-4 per cent. Hence, the above 
analysis indicates that the proportion of material 
outside the limits had been reduced and was subse- 
quently controlled at a lower level. 
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Fig. 4.—Correlation between two characteristics 
A and B. Routine data. 


CONCLUSION. 


~~ The foregoing is only intended to draw attention 
to a very useful tool which is often neglected. The 
examples are far from exhaustive and no attempt 
is made to explain the theory underlying the method 
used. They are given with the hope that technical 
workers will be induced to read some of the literature 
detailed in the appendix and to apply to their own 
problems the principles illustrated. 


The use of statistical tools, as of any other kind 
of tool, necessarily involves the possession of the 
appropriate technique. This technique cannot be 
achieved merely by the reading of books and papers 
but is one essentially requiring practice. It is also 
important to emphasise that the use of statistical 
principles is no substitute for expert technical 
knowledge, in fact, imperfect understanding of the 
technical issues may lead to erroneous interpretation 
of statistics. For example, in the problem of the 





TABLE 5. 
Control of Proportion outside Prescribed Limits. 
: : Percentage Outside 
— No. —— = Limits in Test 
l 174 29.4 
2 135 26.7 
3 166 22.0 
4 17 58.8 
5 155 25.0 
6 185 18.5 
7 251 18.0 
8 215 13.5 
9 197 13.0 
10 202 8.5 
11 204 12.0 
12 52 13.5 
13 208 12.5 
14 322 14.3 
15 149 14.7 
16 190 9.5 











multi-head machine referred to previously, if the 
fact that the machine consists essentially of two 
independent parts had been overlooked, then the 
study of the data would have been carried out 
imperfectly and wrong conclusions drawn. 


APPENDIX, 
LIST OF BOOKS AND PAPERS. 
Books. 
l. “Statistical Methods for Research Workers’, by R. A. Fisher. (Oliver and 
Boyd 1934). 
2. ‘Economic Control of Quality of Manufactured Products”, by W. A. 
Shewhart (Macmillan 1931). 
3. “The Methods of Statistics” by L. H. C. Tippett (Williams and Norgate 
931). 
4. “Probability and its Engineering Uses”’ by T. C. Fry (Macmillan 1928). 
5. “The Application of Statistical Methods to Industrial Standardisation 


and Quality Control.’’ (B.S.I. Report No. 600). 


Papers. 

6. Bell Technical Journal, Vols. 1-6, 1922-27. Shewart, Crowell and Dodge. 

7. “Errors in Testing Bulk Supply by Random Selection.” B. P. Dudding 
(Institution of Engineering Inspection, Jan. 1929). 


8. ‘A Method of Sampling Inspection.” H. F. Dodge and H.G. Romig 
(Bell System Tech. Journ., Vol. VIII, 1929). 
9. “The Application of Statistical Methods to the Quality Control of Manu- 


factured Products.”’ B. P. Dudding and I. M. Baker (Trans. of the Soc. 
of Glass Tech., Vol. XVII, 1933). 
10. “Statistical Methods in the Control and Standardisation of the Quality of 


Manufactured Products.”’ E. S. Pearson (Jour. Roy. Stat. Soc., Vol. 
XCVI, Part 1, 1933). 
11. ‘The Application of Statistical Methods to the Planning of Routine Testing 


Procedure.”” B. P. Dudding and 1. M. Baker (Trans. of the Soc. of Glass 
Tech., Vol. XVIII, 1934). 

12. “Sampling Problems in Industry.” E. S. Pearson (Suppl. Jour. Roy 
Stat. Soc., Vol. 1, No. 2, 1934). 

13. “The Application of Statistical Principles to Industrial Problems.” 
B. P. Dudding. (Journ. Junior Inst. of Engineers, Vol. 46, Part 6, 1936). 


14. “Specification of Rules for Rejecting too Variable a Product, with Particu- 
lar Reference to an Electric Lamp Problem.”” B. L. Welch (Suppl. 
Journ. Roy. Stat. Soc., Vol. III No. 1. 1936). 

15. “The Application of Statistical Principles to an Industrial Problem.” 


W. J. Jennett and B. P. Dudding. (Suppl. Journ. Roy. Stat. Soc., 
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Recent Extensions to the Generating Plant 


and Switchgear at Hams Hall Power Station. 


By C. C. GARRARD, Ph. D., M.I.E.E., and M. L. KAHN, D. Eng., M.I.E.E., 


Witton Engineering Works. 


HE Hams Hall gener- 
ating station of the City 
of Birmingham Electric 

Supply Department is situ- 
ated some nine miles to the 
north-east of the centre of 
Birmingham. Originally open- 
ed in 1929 by their Majesties 
King George VI and Queen 
Elizabeth (then Duke and 
Duchess of York), it is one of 
the largest and most import- 
ant selected stations of the 
Central Electricity Board in 
the Central England Elect- 
ricity area. 

At present, three 37,500 
kVA and two 62,000 kVA 
turbo-alternators are installed, 
while a third 62,500 kVA 
machine is in course of con- 
struction and will be placed 
into service at the end of the 
year. The ultimate capacity 
of the station as originally 
planned is therefore 300,000 kVA. In view of the 
fact that ample land in the vicinity has been 
acquired and the cooling water facilities are good, 
as much as 1,000,000 kW of generating equipment 
could be installed on the site should this be 
necessitated by future demand and policy. Such 
development will be facilitated by the fact that the 
Station stands in the centre of the four large coal- 
fields of Staffordshire, Leicestershire, Nottingham- 
shire and Warwickshire. 

For the control of the alternators, a considerable 
amount of 11,000 volt switchgear, mounted in 
stonework cells, and auxiliary switching equipment 
have been installed. 

Full descriptions of the three smaller turbo- 
alternators, and their associated switchgear, have 
appeared in several publications. It is therefore 
intended in this article to concentrate more 
particularly on the larger alternators and the switch- 
ing equipment recently installed, as a number of 





interesting features are incor- 
porated in their design. 


GENERATING PLANT. 


A general view of the 
turbine room, showing the 
three 37,500 kVA sets in the 
foreground and two of the 
62,500 kVA sets in the back- 
ground is shown in fig. l. 
These machines generate 
three phase current at 11,000 
volts, 50 cycles, the current 
being transmitted through 
cubicle type switchgear and 
step-up transformers to the 
Corporation’s high tension 
system at a pressure of 33,000 
volts. 

The three smaller sets are 
all of similar design, having 
a maximum continuous rating 
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Fig. 1.—Turbine room at Hams Hall Power Station, of 30,000 kW and running at 
showing the three 37,500 kVA and the two 62,500 
KVA turbo-alternators installed. 


a speed of 1,500 r.p.m. These 
machines have a 400 kW 
auxiliary generator and an exciter mounted on an 
extension of their shafts. 

The construction of the three 62,500 kVA 
alternators is of standard G.E.C. design (fig. 5). 
Each alternator has an output of 50,000 kW at 0-8 
power factor, 11,000 volts, 3 phase, 50 cycles, 
1,500 r.p.m. They are rated to comply with 
British Standard Specification No. 225 and the 
official specification of the City of Birmingham 
Electric Supply Department. A view of one of the 
62,500 kVA alternators complete with its auxiliary 
generator and exciters is shown in fig. 3. 


STATOR WINDING. 


The stator winding, illustrations of which are 
given in figs. 2 and 4, is of the two-layer 
diamond type. The support of the overhang is 
shown in the sectional view of the alternator, fig. 5. 
As it is obviously of the greatest importance to 
reduce the stray losses in such large machines to an 
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absolute minimum and thus obtain the lowest 
possible steam consumption, the use of metal parts, to 
support the winding is avoided as far as possible. 
This entails the use of an insulating material for the 
winding supports and a suitable bakelite fabric 
material is employed which has exceptionally good 
mechanical characteristics and is capable of with- 
standing the high stresses to which the winding 
supports would be subjected = — 
= v. 
in the case of a line short ~~. 
circuit. 

A number of supporting 
bars of this bakelite fabric are 
arranged radially round the 
circumference and each coil is 
Strapped to these bars at 
various points along its length. 
To increase the safety factor 
of the insulation at these 
particular points, U-shaped 
troughs of built-up mica are 
used as casings over the 
bakelite fabric. 

With a view to reducing 
stray losses, the end clamps 
of the stator core are made 
entirely of non-magnetic 
material. These end clamps 
consist of a number of seg- 
mental castings of high tensile 
bronze, the fingers of which, 
Supporting the teeth, are cast 
integral with the segments. 
A compression stress is 








Fig. 2. “ Stator of 62,500 kVA alternator during construction in 
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applied to the core through these 
segments by means of short bolts 
which are situated outside the stator 
magnetic zone. This arrangement, 
employing the minimum number of 
separate parts, ensures a rigid con- 
struction for the core and teeth 
while the stray losses in the end 
clamps when the machine is on load 
are reduced to a minimum. 

A damping winding encases the 
outside of the stator core to prevent 
flux emerging from the back of the 
stator core into the solid frame. 
Damper bars are inserted at every 
Supporting rib and are connected at 
each end of the machine to a short 
circuiting ring. 

The latest practice in coil insul- 
ation has been adopted for the 
11,000 volt stator winding. Due to 
the slight unevenness of the slot 
surfaces, the air space between these 
surfaces and the coil surface must 
necessarily vary, resulting in discharges occurr- 
ing between the stator coil surface and the slot 
surfaces. To avoid this, the stator coils are taped 
with a semi-conducting compressible material which 
fills the air space between the coil surface and the 
slot surface, thus earthing the coil surface and at 
the same time acting as a cushion between the coils 
and the stator core. By extending this taping for a 





Fig. 3._-View of one of the 62,500 kVA turbo-alternators showing auxiliary 
alternator and exciters. 
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certain distance beyond the core itself, discharges 
at the point where the coils emerge from the core 
have also been entirely avoided. The efficiency 
of this type of insulation was proved during the 
pressure test of the machine, when it was found that 








August, 1937 


with a voltage of 25,000 volts between coils and 
earth no perceptible corona could be observed. 


ROTOR. 
The rotor is a large solid steel forging, the 
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Fig. 5.—Sectional arrangement of 62,500 kVA alternator. 
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Fig. 4.—Stator end winding of 62,500 kVA alternator 
showing ventilation arrangement. 


weight of the original ingot being 100 tons, 

While the construction of the rotor follows 
conventional practice, note should be made of the 
separate rotor fans which are used to supply 
the necessary amount of cooling air to the rotor, 
as described later under the sub-heading ‘“‘ventil- 
ation.”’ 

The method of ventilating the overhang of the 
rotor exciting winding is also of interest (see fig. 6). 
This section of the winding, which is external to 
the core is, in conventional designs, usually the 
hottest part of the rotor winding. The coil ends 
forming the winding overhang are therefore spaced 
apart by means of suitable packing blocks. Each 
turn is cooled by streams of ventilating air which 
afterwards pass through holes in the non-magnetic 
steel caps enclosing the free coil ends. 

A completely wound rotor being despatched 
from Witton Engineering Works to Hams Hall is 
shown in fig. 7. 


VENTILATION. 


To deal with the losses in the alternator an air 
circulation of 100,000 cubic ft. per minute is 
required. Special consideration was given in the 
design of the fans and air circuits to distribute 
evenly this air over the various parts of the 
machine, and particularly to the equalizing of the 
speed of air-flow in all parts. For this purpose 
it is obviously desirable to divide the air stream 
at the entrance into the machine in the correct 
proportions between stator and rotor. A set of 
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baffles is therefore arranged at the air inlet at both 
ends of the rotor (fig. 6). These divide the air 
stream at this point in three parts. An inner ring 
guides one part to a fan of the axial type arranged 
at both ends of the rotor body, the other two air 





axially through the empty part of the slots near the 
gap from the inlet into the outlet ducts. As the air 
space in the wound portion of the stator is necessarily 
restricted, an additional air passage is provided 
between inlet and outlet ducts by bringing the 
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Fig. 6.—Sectional drawing of part of rotor for 62,000 kVA alternator, showing the method of ventilating 
the overhang of the exciting winding. On the right is a section of one of the rotor slots. 


streams being conducted to a double fan which 
forces the air intended for the cooling of the stator 
into pressure chambers at both ends of the machine. 
By correct dimensioning of the air ducts it was 
found possible to distribute this air equally over the 
whole of the stator core from both ends of the 
machine without resorting to the use 
of special ducts bringing the air to 
the centre. As will be seen in fig. 3, 
this results in a very simple design 
of the stator casing. 

The ventilation arrangement of 
the stator core itself is shown in fig. 4. 
This arrangement combines the 
advantage of utmost simplicity with 
the shortest possible path for the 
cooling air in the stator core. Each 
circular vent duct is sub-divided into 
six inlets and six outlets. Air is 
brought to the inlets by a conical 
shaped longitudinal duct as shown in 
fig.5. The outlet from the vent ducts 
lead into the stator casing from which 
the air flows to the air coolers. 

By arranging the air guides in each 
alternate radial vent duct in opposite 
directions and adopting a suitable 
angle for these distance pieces, the 
inlet ducts of one radial vent space are 
brought into line axially with the outlet ducts of the 
next radial vent space. Air is forced between the coils 
through the teeth down to the air-gap and passes 


Spacers guiding the inlet air short of the wound 
zone of the stator. In consequence, a certain 
amount of air can pass straight from the inlet part 
of a particular vent to the outlet part along the 
outer periphery of the coils immediately behind the 
stator slots. 





Fig. 7..-Completed rotor for 62,500 kVA machine leaving Witton 
Engineering Works for Hams Hall. 


AUXILIARY GENERATOR AND EXCITER. 


A house service generator having a maximum 
continuous rating of 1,500 kW, 400 volts, 50 cycles 
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(see fig. 3) is direct coupled through a flexible 
coupling to each main 62,500 kVA alternator. The 
flexible coupling is of the claw type and is situated 
inside the outer bearing of the main machine. 
The construction of this house service generator is 
on conventional lines for the type and size of machine 
in question. 

The exciter for each main alternator is coupled 
to the auxiliary generator by a coupling arranged 


Fig. 8.—Oil circuit breaker cubicles of the 11,000 volt stone- 

work cubicle switchboard. Operating solenoids for two of 

the 1,000,000 kVA circuit breakers are seen in the fore- 
ground. 


between the main exciter armature and the support- 
ing bearing. A pilot exciter for the main exciter 
of the turbo-alternator is overhung on the shaft of 
these exciters beyond the outer bearing. 


MAIN SWITCHGEAR. 


The new high voltage switchgear (fig. 8) control- 
ling the 11,000 volt, 3 phase supply from the 
62,500 kVA machines, is of the stonework cubicle 
type and forms an extension to the switchgear 
already installed. The switchboard, which is housed 
in a separate room, has a total length of 255 yards. 

Although originally provision was made for 
sectionalizing into three divisions the main 11,000 
volt bus bars only, later switching requirements 
necessitated the sectionalizing of the transfer bus 
bars in a similar manner. Operation will normally 
be effected with this arrangement, but the adjacent 
sections of bus bars are so arranged that they can be 
connected together as required. It is also possible 
to couple together any section of the main or transfer 
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bus bars. The adjacent sections are connected by 
oil circuit breakers, while in addition, each section 
is equipped with its own bus coupler breaker. These 
circuit breakers have a breaking capacity of 750,000 
kVA. An external view of a section of the transfer 
busbar housing is shown in fig. 9. 

The switchgear equipment for each of the new 
alternators (as for the early machines) is provided 
with two oil circuit breakers, through which con- 





Fig. 9.-A section of the 11,000 volt transfer 
bus bar cubicles. 


nection can be made to either the main or transfer 
bus bars, while isolators are placed between the 
machines and these breakers and also between 
the breakers and the bus bars. In addition to 
supplying the stator auxiliaries and trunk feeder 
circuits, the system is now connected to the 11,000 
volt side of four step-up transformers of the Central 
England Grid network. These transformers are 
installed out-of-doors at the adjacent 132,000 volt 
Grid substation. A single line diagram of con- 
nections for the complete 11,000 volt switchgear 
at the station is given in fig. 10. It should be noted 
that there are three bus section circuit breakers on the 
main bus bars and three similar breakers on the 
transfer bus bars. Under normal operating con- 
ditions, however, the centre bus section switches 
will be closed and the bus system operated in three 
sections with two alternators feeding each section, 
or alternatively, in six sections with one 
alternator feeding each section. The circuits, other 
than the main alternators, are each controlled by one 
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3-phase oil circuit breaker, connection to the main 
or transfer bus bars being made through an appro- 
priate combination of isolators. 

For the convenience of layout the bank of 
switchgear controlling number six alternator (62,500 
kVA machine) and its associated circuits is arranged 
apart from the main run, and the two sets of bus 
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of each circuit are completely isolated. The through 
bushing insulators used for the connections between 
the cubicle compartments are of porcelain, and are 
bushed with mica tubes, so that safety is ensured 
in event of the porcelain cracking. 

The bus bars, in both the reactor tie bar cubicles 
and the main switchgear cubicles, are completely 
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Fig. 10 


bars are joined by means of conductors arranged 
in crossover housings of moulded stonework. 


REACTOR TIE BAR SWITCHGEAR. 


It is seen from fig. 10 that each of the three 
main and transfer bus bar sections is coupled through 
reactors to a single bus reactor tie bar system. Six 
3-phase banks of reactors are therefore supplied, 
which can be isolated by means of isolating switches 
placed on either side of the reactor banks and switched 
in or out of circuit by oil circuit breakers mounted in 
the main switchgear cubicles. The reactors are con- 
nected in parallel in the reactor tie bar cubicles and 
sectionalized as shown by bus section breakers and 
isolators. These cubicles and reactors are housed 
in an annex of the main turbine room. 

The reactor tie bar cubicles are designed for 
11,000 volt, 3-phase gear, and consist of a steel 
framework filled in with moulded stone panels. 
The steel framework of the cubicles entirely support 
the bus section breakers and, as in the case of the 
main gear, the stonework does not carry any of the 
weight imposed by these breakers. The cubicles 
themselves are so constructed that the three phases 


Single line diagram of connections of the complete 11,000 volt switchgear at Hams Hall Power Station. 


insulated with micanite, which is capable of with- 
standing an alternating pressure of 22,000 volts 
applied between its interior and exterior surfaces 
for five minutes. Compression type insulators are 
employed to support the bus bars, and are spaced 
at intervals of 3ft. 4ins. along the bars to prevent 
movement under peak short circuit current con- 
ditions. 

The reactors are of the concrete type designed 
for a normal full load current of 2,000 amperes and 
have a reactance per phase of 73 per cent, thus giving 
a kVA of 2,850 per three phase bank at 11,000 volts. 
They are of the “cast in” pattern, the conductors 
being wound in a metal former and the concrete 
arms cast solid on to the conductors. The reactors 
are provided with a concrete base and header and 
are mounted on porcelain insulators, while inter- 
phase compression supports are supplied to prevent 
side movement. 


1,000,000 kVA OIL CIRCUIT BREAKERS. 


The oil circuit breakers controlling number six 
alternator and its associated bank of switchgear, as 
well as the four Grid feeders (one of which is shown 
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in fig. 11) are all rated at 1,000,000 kVA breaking 
capacity. A sample breaker of this size has been 
satisfactorily tested in the High Power Testing 
Laboratory at Witton, the test results being given 





Fig. 11.—11,000 volt, 1,000,000 kVA, three phase oil 
circuit breaker before installation in the stonework 
cubicles. 


later in this article. All other breakers have a 
maximum breaking capacity of 750,000 kVA, 
this size of breaker also having been satis- 
factorily tested. The 1,000,000 kVA oil circuit 
breakers installed are designed for a continuous 
current rating of 2,000 to 4,000 amperes. All 
breakers are electrically operated from the control 
room from a 220 volt direct current supply. The 
closing magnet, release gear and all the auxiliary 
switches are mounted outside the cubicles (see fig. 8), 
complete isolation between the high-tension and 
low-tension circuits being thus obtained. This 
arrangement has the further advantage of facilitating 
inspection and maintenance. 

The 1,000,000 kVA breakers are fitted with 
explosion pots, as shown in fig. 12. Each of the 
three phases is separately contained in a tank of 
circular cross section having a domed bottom, the 
top plate consisting of a flat rolled steel plate. The 
tanks are lined with elephantide. Eddy currents 
are suppressed in the top plates by mounting the 
bushings on a non-magnetic steel plate. A groove 
is provided in the top edge of each tank in which 
a gasket is fitted to prevent the ejection of oil due 
to the pressure exerted when the breaker operates 
under short circuit conditions. The operating 
linkwork gives a true vertical lift to the moving 
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contacts. The moving contacts are carried on 
sliding rods from which they are insulated by 
means of “‘Panilax’’ beams. The arcing contacts 
Operate inside the explosion pots which are 
mounted co-axially with the bushings. These 
arcing contacts are faced with Heavy Alloy, a 
metal alloy which has been developed at the 
G.E.C. Research Laboratories, Wembley, and is 
capable of withstanding heavy currents without 
erosion and without any important alteration to the 
contact shape*. The main contacts, which are of 
standard design, consist of the requisite number 
of rows of pairs of contact fingers mounted as 
shown in figs. 13 and 14. This arrangement enables 
short contact bars to be obtained which can more 
easily withstand the mechanical force produced by 
heavy short circuits. 

The solenoid operating mechanism of this 
breaker embodies certain new and _ interesting 
features of design. The operation is illustrated 
diagrammatically in figs. 15, 16 and 17, which show 
the breaker closed, reset and tripped respectively. 

Referring to fig. 15, to enable the breaker to open, 
the shaft driving lever must rotate in a clockwise 





Fig. 12.—Explosion pots and main contacts fitted 
to a 1,000,000 KVA oil circuit breaker. 


direction. Movement in this direction cannot take 

place because the closing toggle cannot move to the 

right as one unit by reason of the restraint of the 

trip lever and toggle guide lever ; further, the closing 

toggle cannot collapse because the locking lever 
‘® G.E.C. Journal, Vol. VIII., No. 1, pages 7 and 13. 
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prevents the downward movement of the solenoid 
coupling link which is attached to the centre pin. 
It will be noted that roller A of the trip lever is uader- 
set in relation to the centre of thrust of roller B of 
the toggle guide lever. The thrust of the closing 
toggle therefore applies a load to the trip lever which 
tends to rotate the latter in a clockwise direction. 


move to the right as one unit because of the movement 
of the trip lever. The closing toggle is immediately 
broken, however, due to the energy stored in the 
plunger. As the lower end of the solenoid coupling 
link has moved to the right, the plunger is not 
supported by the locking lever. The closing toggle 
therefore collapses downward bringing the toggle 
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Fig. 13.—11,000 volt, 1,000,000 kVA oil circuit breaker, 














showing operating mechanism and main contacts of one 
of the phases. 


This movement, however, is prevented by the trip 
restraining lever. The energizing of the trip coil 
causes the lower end of this lever to move to the 
left. As soon as roller D moves off the centre line 
between roller C and pivot E, the energy stored 
in the trip lever accelerates the movement of the 
restraining lever and enables a quick release of the 
closing toggle. 

Fig. 16, which illustrates a transient position 
only of the mechanism, shows the breaker tripped 
but the mechanism not yet re-set. It will be seen 
that it has been possible for the closing toggle to 


Fig. 14.—11,000 volt, 1,000,000 KVA oil circuit breaker 
showing operating mechanism, explosion pots and main 
contacts of one of the phases. 


guide lever with it, thus allowing the trip lever 
to become reset and lock the right hand end of the 
closing toggle. The mechanism is then in the 
position shown in fig. 17. On energizing the solenoid 
coil the plunger will move upward, the pull being 
exerted on the centre pin of the closing toggle 
which, as the right hand end is restrained, can only 
move the shaft driving lever in an anti-clockwise 
direction, thus closing the breaker. 

This mechanism is fitted with a reverse trip 
the function of which is to operate the trip gear 
immediately following any reverse movement of the 
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shaft driving lever during the closing motion. 
It consists of a friction coupling between the shaft 
driving lever and the manual trip striker. When 
the shaft driving lever is moving to the left the 
friction coupling slides along the reverse trip coupling 
rod which is prevented from moving left. For 

























































































ca \ 
| _Px "4 
x 64 SOLENOID 
-? H-4— += COIL 
POLE Y) 
PIECE a 
Bi MAGNET 
é -- POT 
g PLUNGER 
4 paige Yy 
4 - f2N--Y 
7 ‘O18 1 TRIP en 
VY en TRIP” 
| ~~. + TK) COUPLING 
“ * Af, 
é —— SOLENOID ROLLERS 
/ “T— COUPLING ewe 
/| OPERATING Lp , Cc 
Y, BUSH vt LINK “as le : 
,, CLOSING +1 TRIP so - 
ra TOGGLE ' + | ROLLERS / we = + “D” 
A . “B ” A $ Ss . . 
/) : ~ 'o 
/ .f kona “~ — . “co - : 
J) . \- -_ . it ~ . lies - 
f SS “> ‘ 
FN leo 
|), SHAFT ‘ . ‘ © TRI 
Y, DRIVING .\ | rodms . a — 
VER shy s" "as Vv 
A = h/t GUIDE ~ Toa 
Y) MAIN iy is] LEVER : NG == f MANUAL 
“, SHAFT + of arenes TRIP 
y) are) nH STRIKER 
L . } . = wad 
J) _e z TRIP 
A Qe Gy COIL 
LOCKING %) SS 
ven a> MANUAL 
ea TRIP 
' a. 
: Z “ON & OFF” 
= INDICATOR 








Fig. 15.—Solenoid operating mechanism for 11,000 volt, 
1,000,000 KVA oil circuit breaker. Breaker in closed 
position. 


instance, if the breaker be closed on to a short 
circuit at a time when the closing battery voltage is 
too low to enable complete closure to take place, the 
short circuit forces may overcome the power of the 
solenoid and cause the breaker to begin opening. 
The slightest reversal of movement in this direction 
causes the trip gear to operate, thereby rendering 
the solenoid inoperative and enabling the breaker 
to open at the correct speed. 


TESTS ON 1,000,000 kVA OIL CIRCUIT BREAKER. 


The 1,000,000 kVA oil circuit breakers were 
thoroughly tested in the High Power Testing 
Laboratory at Witton, where the following series 
of B-2-MB (Break-2 Minute interval-Make-Break) 
short circuit tests were completed. It should be 
noted that for 1,000,000 kVA the rated making 
current is 132,000 amperes and the breaking current 
52,000 amperes at 11,000 volts. 

Test 1—10 per cent rated breaking capacity. 

Test 2—30 per cent rated breaking capacity. 

Test 3—60 per cent rated breaking capacity. 

Test 4—100 per cent rated breaking capacity. 

The results of No. 4 test on a 3-phase breaker at 
100 per cent rating for the complete duty cycle 
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B-2-MB, are shown in the oscillograms given in 
fig. 18, while the corresponding test data are given in 
tabulated form in Table 1. All tests were completed 
in an entirely satisfactory manner. 

In order to interpret these oscillograms, a corres- 
ponding set of low frequency short circuit oscillo- 
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Breaker in transient position. 


Fig. 16. 
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grams are reproduced in fig. 19. These curves 
include a typical asymmetrical short circuit current 
curve, a curve of power and a voltage curve taken 
on a single phase circuit representative of a simple 
Make-Break test. As it is impossible to include 
on these curves all the necessary information required 
for their interpretation, a separate legend is given 
referring to the lettering on the curves. 
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SEPARATE ‘| 





Recovery Voltage 


(V,) at final break, that is the voltage after arc 
extinction on all three phases of a three phase test, 
and measured on the second complete half cycle 
after the point of final break. 


Current Broken 


(I, and J,) is measured at the point of contact 
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*Low frequency oscillograph element failed to function. 


Fig. 18.—-Test oscillograms on 1,000,000 kVA oil circuit breaker at 100 per cent rating for 
a B-2-MB dating cycle. 


LEGEND FOR OSCILLOGRAMS GIVEN IN FIG. 19. 


MM = _ Instant at which short circuit is made. 


SS = Instant of arc contact separation. 

BB Instant of final break. 

Vom Peak value of phase voltage before short 
circuit. 

Vo = R.M.S. value of phase voltage before 
short circuit = Vom/4/2 

VR = R.M.S. value of recovery voltage at 
final break = Vrmu/4/2 

Ip = Value of current at lst major half cycle 
of short circuit. 

Idp = D.C. component in Ist major half cycle 


of short circuit. 


Ta = Peak A.C. component of current broken. 
Ip = D.C. component of current broken. 
Wp = Peak kilowatts in arc. 


separation. 

The R.M.S. resultant of the A.C. and D.C, 
components is given by the following formula taken 
from British Standard Specification No. 116-1929, 
Clause 72 (11). 


Ip aii AV (L4)9/2)?-+1 2 


Arc Energy 


The arc energy in kilowatt seconds is derived 
from the area bounded by the watts curve and the 
watts zero line. 


Measurement of Power Factor. 


If t = time in seconds between the instants 


PP and SS, 


f = frequency of the short circuit current. 
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i 
_ time constant of D.C. component of current, 
Rt 
then Ip = his x e I. 
, 6-28 fL; 


and gd = tan 
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Calculation of kVA broken. 


The kVA broken has been calculated from the 
R.M.S. resultant of the A.C. and D.C. components 
of the currents at the instant of contact separation, 
multiplied by the recovery voltage measured at the 
second complete half cycle after final arc extinction, 
1.e., in accordance with B.S.S. 116-1929, Clause 
72 (111). 

For the higher capacities, the 
kVA broken has also been calculated 
from the R.M.S. resultant of the 
A.C. and D.C. component of the 
current at the instant of contact 
separation, multiplied by the rated 
voltage of 11 kV. 


REMOTE CONTROL GEAR. 


Extensions have been made 
to the remote control panels for 
the turbo-alternators, feeders and 
other high voltage circuits. The 
extension panels line up with 
those originally supplied, and are 
equipped with control switches for 
opening and closing the various circuit 
breakers, indicating lamps and syn- 
chronizing sockets, etc. A view 


Fig. 19.—Low frequency short circuit oscillogram used in the of the control wa & ove 
interpretation of oscillograms given in fig. 18. fig. 20. The machine-instrument 


On a three phase test, cos ¢ is the cosine of the 
average of the angles in the three phases. 


and relay panels carrying indicating 
wattmeters, ammeters, voltmeters, power factor 
meters and Chamberlain and Hookham integrating 


TABLE 1. 
Short Circuit Test Results on a3-phase, 1,000,000 kVA Oil Circuit Breaker, at 100 per cent Rating for a B-2-MB Duty Cycle. 








No. Item 
l Series of Operations 
2 Phase 
3 Peak Kiloamps in Ist. Major Half Cycle of Short Circuit 
4 Peak A.C. Component 
° Current Broken R.M.S. A.C. Component 
6 per Phase in D.C. Component 
7 Kiloamperes D.C. Component (per cent) 
8 R.M.S. Resultant: 5 &6 
9 Cycles from Start Arcing Contacts Open 
10 of Short Circuit until Arc breaks 
11 Arce Duration Half Cycles 
12 Are Length Inches 
13 x ite Kilowatts Peak 
14 Arc Energy Kilowatt Seconds 
1S Voltage across each Before Short Circuit 
lo Pole in Kilovolts Recovery at Final Break 
17 | Recovery Voltage per cent Rated Voltage 
18 | kVA Broken Per Phase 
19 Method : 8 x 16 Total 
20 kVA Broken Per Phase 
21 Method: 8 x 6.35 kV Total 
22 | — a : Angle per Phase 
23 My t-te <a tor hs Cosine of Angle per Phase 
tact Separatlol 
24 | ew rekiteunce Average Cos i 
25 D.C. Component in Ist Major Half Cycle of Short Circuit 
26 | lime in secs. PP—SS (see fig. 19) 


Symbol Test A | Test B 
| Break 2 min. Make-Break 
Red White Blue Red White Blue 
Ip 93.0 141.0 123.0 160.5 107.0 120.0 
IA 62.5 61.0 60.0 61.0 59.5 59.5 
[A/\/2 44.5 43.2 42.5 43.2 42.0 42.0 
Ip 15.0 40.0 Zo .0 42.0 12.0 29.5 
24.0 65.6 41.7 68 .9 20.2 49.6 
IR 47.2 58.8 49.3 60.3 43.6 | 
M-S 2.07 Riana 
M-B 3.06 2.85 3.06 3.80 3.80 3.46 
S-B 2 l 2 3 3 2 
ee am 0.88 1.37 1.42 1.42 0.90 
We Trace ‘liace Trace Trace Trace Trace 
‘Trace Trace Trace Trace lrace Trace 
Vo Switich Closed 7.1% fia 7.0 
VR 6.15 6.08 5.85 5.80* 6.05 5.65 
95.0 91.9 
290,000 258,000 288,500 350,000 264,000 | 290,000 
936,500 904,000 
300,000 | 373,500 | 313,000 383,000 277,000 326,500 
' €86,500 ~ 986,000 
— | 86°-56’ | 86°-22’ 
_ db ; 0.0685 | %.0582 
: 0.0623 0.0587 
Idp — 68.0 50.0 
t - 0.0317 | 0.0350 
j 











* Low frequency oscillograph element failed to function ; this voltage is the average value. 
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watt-hour meters have also been extended. The 
instruments for each of the larger size alternators 
include a McColl biassed beam type three phase 
circulating current protective relay, and a single 
pole relay for the closed-air system circuit. The 
exciter field switches with their discharge resistances 
for the 62,500 kVA machines are fitted in pillars 
and mounted adjacent to the machine. 

McColl circulating current protection is also 
applied to each of the six banks of reactors. For 


the earth current to 1,500 amperes at 6,350 volts. 
Similar resistors on the transformers have a resist- 
ance of 95 ohms, and will therefore limit the earth 
current to 200 amperes at 19,000 volts (33,000/1/3). 
In both cases, the resistors consist of a boiler plate 
tank, the bottom being dished and the top carrying 
a porcelain insulator from which the electrode is 
suspended. The copper earth connection is bolted 
to a lug, which is riveted and electrically welded to the 
bottom of the shell plate. 











Fig. 20.—Main control room. 


this protection, current transformers are provided 
in the oil circuit breaker cubicles of the main switch- 
gear and in the isolator cubicles of the reactor tie 
bar gear. If a fault occurs on any of the outer 
four banks of reactors (see fig. 8), both the main 
and transfer bus bar oil circuit breakers in the main 
switchgear are tripped, and the corresponding 
near bus section breaker in the reactor tie bar is also 
tripped. On the other hand, for faults on either 
of the two centre banks of reactors both bus section 
breakers of the reactor tie bar are tripped in addition 
to the main and transfer bus bar breakers. 

The new alternators and the main transformers 
are equipped with neutral earthing resistors which 
can be cut in or out of circuit by a 1,000 ampere 
electrically-operated remote-controlled oil circuit 
breaker of the armourclad type. These switches are 
provided with auxiliary switches, which are connected 
so that only one earthing switch on a bus bar section 
can be closed at a time, and with an alarm-bell 
device so that the operation of a breaker due to the 
passing of an excessive earth current is indicated in 
the control room. The earthing resistors themselves 
are of the water type, their resistance, in the case 
of those connected in the alternator neutral, being 
4-25 ohms, so that they are capable of limiting 


AUXILIARY SWITCHGEAR. 


Extensions to the 440 volt auxiliary switchgear 
are in the form of cubicles of stonework and steel- 
plate construction (fig. 21). This gear controls 
the low voltage sides of the works transformers and 
supplies to the works auxiliaries. The cubicles are 
of the double bus bar type with a single 3-phase 
oil circuit breaker for each circuit, connection to one 
or other of the bus bars being made through an 
appropriate combination of isolators. Isolating 
switches are placed on both sides of each breaker 
so that the latter may be completely isolated for 
maintenance purposes. A vertical stonework wall 
divides each cubicle into two main sections, so that 
the two sets of bus bars and their associated isolating 
switches are separated. The main heavy current 
connections are taken through the walls in porcelain 
bushings which are bushed with mica tubes. 

One bank of auxiliary switchgear is supplied for 
each of the 62,500 kVA alternators, one of these 
banks being shown in fig. 21. On each bank, the 
panels controlling the low tension side of the 2,000 
kVA works transformers are equipped with 3,000 
ampere, hand-operated oil circuit breakers together 
with the usual instruments and instrument trans- 
formers. Other circuits are equipped with 2,000 
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and 1,000 ampere hand-operated breakers, which 
supply the distribution boards in the boiler house, 
etc, 

As previously stated, each 62,500 kVA alternator 
is provided with an auxiliary alternator, mounted 
on a shaft extension to the 
main machine. The auxiliary 
alternator is used for supply- 
ing power at 440 volts to the 
circulating and_ extraction 
pumps. The supply from 
each auxiliary alternator is 
controlled from a_ separate 
metalclad switchboard of the 
vertical isolation type mount- 
ed near to the alternators 
in the turbine room. The 
switchboard is equipped with 
hand-operated oil circuit 
breakers controlling the in- 
coming supply, extraction 
pump motor, circulating 
pump motor and the standby 
circulating pump motor. The 
first three units are of the 
single bus bar type, but the 
last unit, controlling the 
standby circulating pump 
motor, is provided with dup- 
licate bus bars and two oil 
circuit breakers. The transfer 
bus on the last unit is con- 
nected to the 440 volt works supply transformer 
switchboard, so that alternative supplies are available 
in cases of emergency. 

One new 500 kW motor-generator set has been 
installed. The existing direct current switchboard 
is of the flat-back panel type, and is arranged in 


Fig. 21. 





One bank of 440 volt auxiliary 
switchgear. 
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two sections, the positive circuits being on one 
section and the negative circuits on the other, with a 
clear passage of 6 feet between them. Extensions 
to this board for controlling the direct current side 
of the motor-generator set consist of one positive 
and one negative panel, the 
alternating current side being 
controlled from the 11,000 
volt system. 

Each panel is equipped 
with a single pole remote 
controlled air circuit breaker 


* ao fitted with the usual tripping 


devices. These breakers are 
of the line contact pattern 
and have a capacity of 1,200 
amperes. The panels are also 
equipped with knife switches, 
isolating switches and the 
usual measuring and record- 
ing instruments. In addition, 
a 400 ampere circuit breaker 
which is connected in the 
neutral lead is mounted on a 
separate panel. The control 
board from which this board 
is operated is provided with 
switches for the positive, neg- 
ative and neutral breakers, 
together with indicating 
lamps, measuring  instru- 
ments and accessories. 

In conclusion, acknowledgement is due to F. 
Forrest, Esq., M.Inst.C.E., M.I.E.E., M.I.Mech.E., 
Chief Engineer and Manager, City of Birmingham 
Electric Supply Department, for his kindness in 
giving permission for the publication of the inform- 
ation and illustrations contained in this article. 
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Television Receivers. 


PART II. 


By D. C. ESPLEY, M.Eng., A.M.I.E.E., and G. W. EDWARDS, B.Sc., D.1.C. 


Research Laboratories of The General Electric Co., Ltd., Wembley, England. 


C. Sound Channel. 


Since the sound channel is used 
exclusively for television reception 
the design differs appreciably from 
that used in normal radio re- 
ceivers. 

The main difficulty of super- 
heterodyne reception at 7 metres 
with normal radio receiver I.F. 
band widths is that of local 
oscillator drift, resulting in sound 
signal fading particularly during 
the warming up period after 
switching on, and the necessity 
for retuning. 


1 F. Amplification. 


Since the selectivity necessary for normal radio 


. 
a ee ee ee ee ee ee ee ee ee ee 


This is the second part of an 
article which started in_ the 
previous issue of the G.E.C. 
Journal (Vol. VIII., No.2, May, 
1937). The description of the 
various parts of a typical tele- 
vision receiver is continued and 
subsequently the method of testing 
is outlined, introducing the special 
transmitter installed for this 
purpose at the G.E.C. Research 
Laboratories at Wembley. 

Finally a brief indication of the 
results experienced with television 
receivers in service is given. 


No A.V.C. has been provided, 
since fading within the service 
area of the transmitting station is 
very unlikely. 

The filters themselves are 
inductively coupled with a rela- 
tively high coupling factor and 
damped by terminating resistances 
to give the required band width. 
This necessitates the use of two 
I.F. stages to give the necessary 
Sensitivity. 

The frequency characteristics 
of the I.F. filters are shown in 
fig. 24. The curves are comple- 














reception is no longer required, a very much wider 
sound I.F. channel has been used with a mid band 
frequency of 450 kc combined with the use of a 
high Q circuit for the local oscillator to reduce the 
actual frequency drift to a negligible amount. 

The circuit of the sound channel is shown in 
fig. 22. The secondary of the separating filter in 
the anode circuit of the X41 frequency changer feeds 
the resulting 0-45 Mc carrier and side-bands to two 
I.F. amplifier stages. 

The first valve has variable-mu characteristics, 
and is used to provide control of the output sound 
volume. The second stage is a straight IF. 
amplifier of fixed gain. 





Fig. 23..-Receiver unit -sound and vision channels. 
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Fig. 22.—Sound channel circuit. 
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mentary, and give the overall characteristics shown 
in fig. 25. The resulting high frequency loss, also 
shown in fig. 25, will be seen to be negligible. 


DETECTOR AND LOW FREQUENCY AMPLIFIER. 


The second I.F. stage is followed by a normal 
double diode triode as detector and first low frequency 
amplifier. 

Owing to the necessity for maintaining balance 
between the visual and aural impressions and of 
sitting relatively close to the receiver in order to 
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multiple selector switch. The loudspeaker is mounted 
at the bottom of the cabinet on the sloping baffle (see 
fig. 26), to give the advantage of approximately axial 
response characteristics for normal viewing positions, 


LAYOUT OF RECEIVER CHASSIS. 


After branching from the common amplification 
channel in the anode circuit of the frequency 
changer, the layout of the sound channel follows that 
of the vision channel, running from front to back of 
the chassis, but on the opposite side (see fig. 23). 

This arrangement gives a simple 








layout for production and inspection, 
and simplifies the connection of 
common supplies to the two channels. 








D. POWER SUPPLY UNIT. 








Turning now to the source of 
supply of the receiver units above 
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described, we have the following 
requirements :— 



































(a) Anode voltage supply for 
vision channel—about 300V. 
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Fig. 25.—Sound channel characteristics. 


follow the picture, a large sound output volume is 
seldom required. 

Under these conditions a 3 watt output pentode 
can be operated quite satisfactorily at high quality, 
with the advantage of its sensitivity. 

An M.P.T.4. output pentode has therefore been 
used to feed a high quality permanent magnet 
loudspeaker. 

In the case of the combined television and 
broadcast receiver, the speaker is automatically 
switched to the appropriate sound channel by the 


‘B) COMBINED SECOND AND THIRD 
FILTER CHARACTERISTICS 


Fig. 24.—Sound channel I.F. characteristics. 
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100 mA. 

500-550 (6) Anode voltage supply for 
sound channel—about 300V. 
70 mA. 


(c) Anode and charging circuit 
supply for time bases—about 
1,l00V. 25 mA. 

(qd) High tension supply for 
cathode ray tube accelerators 
—about 3,000V. 1 mA. 

(e) Heater supplies for vision 
channel, sound channel, time 
bases, and cathode ray tube. 


aaa It was found most economical to 


provide high voltage supplies from 
two rectifier circuits using three 
rectifier valves. 

(a) & (6) A single full wave, in- 
directly heated, M.U.14 rec- 
tifier to supply the combined 
sound and vision channel 
anode and screen currents. 

(c) & (d) Avoltage doubler circuit 
using two U.17’s to supply 
the time base voltage and the main cathode 
ray tube voltages. 

In order to keep all components down to a size 
that could be used on standard deck mounting, and 
for convenience in manufacture, two transformers 
are used for these supplies. 

The various heater supplies are divided between 
the two transformers. 


SIGNAL CHANNEL ANODE VOLTAGE RECTIFIER. 
The normal M.U.14 rectifier circuit with a 
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reservoir condenser following directly after the 
rectifier is limited by the peak conditions to a 
current output of about 120 mA. Since the total 
load of the combined vision and sound amounts to 
approximately 170 mA., a peak current limiting 
choke has been employed prior to the reservoir 


much greater without the direct introduction of 
hum into the sound output. 


TIME BASE AND CATHODE RAY TUBE SUPPLY 
CIRCUITS. 


The circuit shown in fig. 28 consists of two U.17 
























condenser. The circuit is shown in fig. 27. rectifiers worked in a modified voltage doubler 
a circuit to give the required outputs of (c) and (d). 
a Both negative terminals are earthed. 

| ~~ Since there was no convenient rectifier available 

NORMAL NORMAL ~ SPE 4, 5 he O U 
VIEWING VIEWING HEIGHT SER 4, , | to provide 25 mA. at 1,100 volts, the Osram U.17, 

RANGE “IS . ; ‘ 
a , with a maximum current rating of 30 mA, at 2,500V. 
™S | was developed for this purpose. 

r+—4 FT. TO 6 FT. > { e ° . 

ea One valve (V,), working as single phase rectifier 














FITTITIVITTTTITITIVIVTIT TTI IT ITTV TIT TTT 





















































































































VISION CHANNEL the smoothing circuit form an appreciable proportion 


of the cost of the H.T. supply circuit, it is necessary 
to ensure that the optimum design of circuit is used. 

It can easily be shown that, provided the peak 
ripple voltage is not more than about 10 per cent of 
the mean voltage across the reservoir condenser as 
in the present case, the fundamental component 
ripple voltage is given by :— 


HEATERS 
SOUND CHANNEL 


es 
ea 
= 


Power supply unit—anode and heater 
voltages. 


TITTTTTITTTTTT? from a tapping on the secondary of the H.T. trans- 
Fig. 26. age ie nee of yew ti tube and former and followed by a resistance capacity 
ouaspeaker in capinet. 
By this means the charging -- 
current delivered by the rectifier to cur | ! 
the reservoir condenser is maintained “wy | s 
approximately constant during the ot aalk HEATERS ° 3 III! 
° -. | 
conducting part of the cycle, and co4- ;+'+1), , ; ania | 
° ° ' > 1 
the maximum available output current i —_—aels aie wie —— | 
. . 2 2 ' 
considerably increased. ! wear ! 
It is possible with this circuit, 1 3 ae ae —y |IIi 
while still working within the peak ! ae a ee os III! 
5 P . 'A23 TIME BASE S |||! 
current and maximum anode dis- Z — “> 10,000n | _ 3ilh 
. . . ‘ a A, $ FP) i bbe Gattis o 
sipation rating of the rectifier, to S aan wee y —s III 
increase the mean output to the 2 at ; +. By a, ! 
; ; 2 _~)U.17 
required 170 mA, at about 270V. & \ ACA. 3P, Pr P G , 
from the final smoothing circuit. H} [HO ’ . | 
This arrangement gives a rather - ae a 
lower voltage output, but has the sii catia aidan : sii . = 
. . ower su unit-—nl voltage circult. 
advantage that for any but small aiied 6 
smoothing circuit, supplies the required time base 
as a alii voltage. This voltage is utilized as part of the main 
! . 
— Saks: cathode ray tube accelerator supply, the remainder 
=e = : being obtained from the second U.17 connected to 
! the same winding but in the reverse direction. 
E? > ), —_ ’ 
mm —— 
SMOOTHING CIRCUIT. 
2 M, ‘ ‘ 
mas home 9 HEATERS ie _._* Since the high voltage condensers necessary for 
| 
' 
! 
| 
' 
' 
! 
! 
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Fig. 27.- 


Outputs the regulation is very much better than the 
standard circuit. 

The necessary smoothing is obtained from a 
single section filter without relying on the field 


| n(n +1) | n+l 


TV 
un= | @CR | 


n 


windings of the loudspeaker, a permanent magnet where n = number of sections following the 
loudspeaker being employed. For a given voltage reservoir condenser. 
drop the ripple attenuation can thereby be made C = the sum of the capacities. 
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R = total resistance in the smoothing 
circuit. 

v = voltage drop in the circuit. 

i = current load on smoothing circuit. 

@® = 2xf 


For maximum attenuation of ripple voltage with 





Fig. 29. 


Power supply unit. 


minimum voltage drop in the circuit, apart from the 
question of peak rectifier current, all capacities 


should be equal to j and resistances to 


+ 


i 


Ripple components produced by frequencies 
higher than the fundamental are given by 


Vr, = MVp (? , 
x 


where m = fraction of harmonic present in ripple 
voltage on reservoir condenser. 
x = order of harmonic. 


Owing to their greater attenuation and smaller 
initial amplitude, all frequencies but the fundamental 
may generally be neglected. 


Number of Sections (7), 


The ratio of the ripple voltage for (n + 1) 
sections to that for n sections is given by 


(n + 2)"*° 
 n"@CR 
or 
0-0032 (n + 2)”"** 
| n"CR 
for the fundamental component at 50 cycles per 
second, 
Above the point at which r = 1 it is advantageous 
to use (nm + 1) sections, and below this point n 
sections. Thus 


CR — 0-0032 +2)" 


n 
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gives the boundary condition above which (n + 1) 
sections should be used in preference to n. 
Curves showing the variation of V, with CR for 
the optimum number of sections are given in fig, 
30, for a range of voltage drop v. 
The values of V, and v are determined in the 
case of the 3,000V. supply by 
(a) Shift of cathode ray tube scanning spot from its 
true position, and variation of spot brightness 
due to variation of final accelerator voltage. 

(6) Variation of area of scanned picture due to 
regulation of the supply. 

Similarly, the corresponding values for the 1,100V. 
time base supply are determined by the variation of 
scanning speed and its effect on synchronism. 

All these limits can be determined directly in 
terms of picture distortion, and the final limits can 
only be determined subjectively. 

Satisfactory working values for ripple and voltage 
drop in the smoothing circuit are given in Table I, 
together with the corresponding C & R values and 
number of sections derived from fig. 30. 

Since the ripple voltages from the two rectifiers 
are of approximately the same magnitude and 180° 
out of phase, it is possible to reduce the capacity 
values below those given in Table I. Values of 
0-25 mfd. for reservoir and filter condensers sub- 
stantially satisfy the above conditions. 


GENERAL. 

Apart from the main accelerator voltage, supplies 
for the other electrodes of the cathode ray tube are 
taken from a potentiometer across the 3,000 volt 
supply. 
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Fig. 30.__Design chart for smoothing circuits. 


Focus of the electron beam is obtained by 


variation of the second accelerator voltage, supplied 
from the potentiometer P, (fig. 28). 

The general brightness level of the reproduced 
picture is altered by control of the cathode potential, 
relative to earth, from potentiometer P, (fig. 28) 
The modulator is controlled directly by the signal 
voltage. 
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To allow for decentreing of the picture by the 
L.F. and H.F. synchronizing black out periods, and 
for any slight local variations, shift voltages are 
provided by means of resistances R, and R.,, 


VI. TEST FACILITIES. 


Owing to the complexity of the signals to be 
translated by a television receiver it is hardly possible 
to complete a satisfactory new design of apparatus 





TABLE I. 
Maximum Total 
Maximum Voltage CR No. of Current Resistance Capacity 
Peak Ripple Drop (v) Seconds’ Sections (mA) ohms UF 
. Volts P 7 oe | 7 . 
lime Base Supply sa “ 0.5 5 250 0.08 l 25 10,060 8.00 
C.R.T. Supply... ee - 0.1 3 100 0.065 l l 100.000 0.65 
} | 











The supply units described are mounted together 
on the separate chassis shown in fig. 29. 

The H.T. smoothing condensers are mounted on 
top of the deck, and the transformer below to reduce 
the external magnetic field to a minimum. Grills 
are provided in the chassis to give the necessary 





Fig. 31.— 12-inch cathode ray tube in container. 


ventilation. With the same objects in view, the 
complete unit is mounted at the bottom of the 
cabinet as shown in fig. 32, 


E. CATHODE RAY TUBE. 


The design of the cathode ray tube will not be 
dealt with here, except in so far as its characteristics 
affect the receiver design. 

Electrostatic means are employed for both beam 
focussing and deflection, the operating voltages for 
which have already been given. | 

A peak to peak input of 30 volts on the modulator 
covers the complete range of spot brightness 
available. 

The tube is mounted in a mechanically pro- 
tective metal container which also provides almost 
complete electrostatic screening together with some 
degree of magnetic screening. This container is 
shown in fig. 31, and by its use the cathode ray 
tube is made self supporting on the main assembly 
Shown in fig. 32. 

Connections to the electrodes are made through 


a side contact type cap fitting a completely protected 
and detachable socket. 


without the provision of an accurately controlled 
picture transmission. This factor was recognized at 
an early stage of the development and a film trans- 
mitter, using 240 line 25 frame disc scanning, was 
constructed in 1934. This apparatus provided sound 
and picture signals by transmission line to a point 
at which either circuits or cathode ray tubes could 
be tested. The demands for a good picture signal 
became so pressing that during the following year 
a more elaborate equipment was installed. It was 
considered essential to provide an interlaced signal 
and this was one of the features included in the 
specification. 

The new transmitter has been designed to work at 
an output power of 20 watts of carrier to the aerials on 
both sound and vision channels. Film is used as 
the subject matter, and scanning is performed by 
a multiple spiral disc to give a signal of 240 lines 
and 50 interlaced frames per second. 

Interlacing is achieved by the use of a specially 
designed skew optical system which accurately 
compensates for the inherent trapezoidal errors of a 
multiple spiral disc using frame scanning fields of 
different sizes. All synchronizing impulses are 
derived directly from the scanning member which 
rotates at 3,000 r.p.m. It was found absolutely 
necessary to take every care in generating such 
impulses in exact accordance with the scanning 
aperture motion, and a separate synchronizing source 
or oscillator was quite out of the question. The 
stability of sound and vision carriers is maintained 
by the use of quartz controlled master oscillators 
followed by frequency doublers. A novel method 
of picture modulation provides an accurate D.C. 
component, and synchronizing suppression down to 
a very small level. The ratio of black level to white 
level can be controlled over the range 5—50 per 
cent approximately. 

The receiver has been so designed that even with 
10 per cent synchronizing signal the picture stability 
is quite satisfactory. The general arrangement of 
the transmitter was shown in fig. 17 in Part I. of 
this article’, and two special test films in fig. 33. 
The two 7 meter amplifier channels use specially 


1. G.E.C. Journal, Vol. VIII, No. 2, May, 1937, p. 169. 
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designed high conductance triodes in neutralized 
circuits. As two separate channels are worked in 
close proximity it was necessary to provide means 
for eliminating mutual interference. The couplings 
between amplifier units and the outgoing aerial 
feeders are therefore accurately balanced to earth. 
The aerial system for sound and vision is shown in 


fig. 34. 





Fig. 32.__Main assembly chassis removed from cabinet 
showing layout of receiver units, cathode ray tube and 
loudspeaker. 


VII. THE OPERATION OF THE RECEIVER. 


The power consumption of the receiver is 240 
watts at 200—250 volts, 40—100 cycles per second. 
If operation is required from D.C. mains, a D.C.- 
A.C. converter is provided to give the necessary 
power at 240 volts, 50 cycles per second. 

Although the circuits of the receiver are relatively 
complex, it has been found possible to arrange the 
controls in such a way that the user experiences no 
difficulty in obtaining optimum results. 

Main controls are brought out to the front of 
the cabinet, and only these need be used during the 
normal operation of the receiver. In most cases it 
is found that after switching on, a good picture is 
obtained without the necessity for any adjustment 
whatsoever provided the receiver was left in an 
adjusted condition after the previous transmission. 

There is a number of subsidiary circuits which 
must be preset in a given manner, but their settings 
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are substantially fixed. They should only require 
adjustment to compensate for such effects as slow 
drifts of a long time period. These preset controls 
are grouped together and, although accessible, they 
are placed behind a flap in the side of the cabinet 
to avoid any confusion with the main controls. All 
controls are visible in fig. 32. 

The controls which appear on the front of the 
cabinet are as follows :— 


Multiple Switch. 


In the case of the receiver illustrated in fig. 35, 
this has a three position switch which provides 
for, (1) Off, (2) 240 lines 25 frames, (3) 405 lines, 
50 frames interlaced. The receiver shown in fig. | 
has an extra position for all wave broadcast. The two 
television positions differ according to the selective 
operation of switches which control the time base 
condensers, etc. 


Tuning. 

The tuning control provides automatic adjust- 
ment of sound and vision as described above. The 
tuning range of the oscillator circuit is wide enough 
to cover a number of transmitting stations within 
the range 5-5—8 metres. In the present circum- 
stances, the range is deliberately restricted by 
mechanical stops to limit departure from optimum 
setting. If there is any drift of sound, it should be 
restored by using this control. 


Volume Control. 


This control provides for adjustment of sound 
volume as in a normal broadcast receiver. 


Contrast Control. 


The contrast control can produce a change of 
picture contrast by altering the gain of the vision 
channel. For any given location, and provided that 
the transmitter has the correct picture modulation, 
this control seldom requires adjustment. In effect 
the contrast control adjusts the field strength at the 
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Fig. 33.—-Special test films. 
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receiver to a datum level at which all preset controls 
should be automatically correct. 


Frame Frequency. 


Exact synchronism of the picture is absolutely 
essential. As a time base can only lock if its natural 
oscillation frequency is less than that of the 
synchronizing impulses, the frame control is provided 
to adjust the bias on the grid of the appropriate 
gasfilled relay, so that the natural and forced 
oscillation frequencies are as close together as 
possible. 


Line Frequency. 
This has the same features as the frame frequency 
control. 


SUBSIDIARY CONTROLS. 


The subsidiary or preset controls are as follows :— 
Brightness. 


Adjustment of the average brightness of the 
picture is effected by altering the bias on the cathode 
of the cathode ray tube. Operation of this control 
alone will influence the contrast as every part of the 
picture is changed in brightness by substantially the 
same amount. 


Frame Amplitude. 


This control need only be touched when a 











.—Sound and vision transmitter aerials. 
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cathode ray tube is changed. The frame amplitude 
is adjusted by a variable resistance in the charging 
circuit of the frame timer. 


Line Amplitude. 


This has the same features as 
amplitude control. 


the frame 


Focus. 


Adjustment of scanning spot focus is effected by 
changing the voltage of the second accelerator of 
the cathode ray tube. 

















Fig. 35.— Complete G.E.C. receiver for vision 
with accompanying sound. 


Synchronizing Impulse Amplitude. 


The largest possible impulse should be selected 
from the output signal of the receiver. An upper 
limit is set at the point beyond which the time bases 
just begin to trigger: from the picture itself, and a 
lower limit by interference from noise during the 
synchronizing period. The amplitude control sets 
the bias voltage on the synchronizing diode to an 
optimum value between the above limits, 


VIII. RESULTS IN SERVICE. 


The two G.E.C. television receivers as now 
sold to the public, are shown in figs. 1* and 35 
respectively. 

It was originally expected that the Alexandra 
Palace transmitter would provide good signals 
within a circular area of 25 miles radius. Results 
with the receivers have exceeded expectations in 


*G.E.C. Journal, Vol. VIIL, No. 2, May, 1937, p. 160. 
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this respect, as installations are giving entirely 
satisfactory results at such places as Reading (39 
miles), Tunbridge Wells (38 miles), Maidstone (38 
miles), Farnham (42 miles), and Brighton (56 miles). 
Using a modified set, it has been found possible to 
obtain a well synchronized picture at the G.E.C. 
Radio Works, Coventry (80 miles), although at this 
distance appreciable background “noise’’ must be 
visible on the picture. 

It is now stated that the field strength from the 
transmitter has an almost circular distribution apart 
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from the effects of local irregularities. Departures 
from the inverse distance field distribution are 
mainly brought about by shadows due to the 
proximity of buildings and the shape of ground 
contours. 

The satisfactory operation of the receiver is now 
well established in substantially all localities within 
the service area. There are only a few cases in 
which it is found necessary to erect aerials with 
directional properties, either to equalize for low 
field strength or to avoid excessive local interference. 





Lighting of New Showrooms of the Standard 
Motor Co., Ltd. 














The interior of the Showrooms 
is lighted by eleven decorative 
fittings each measuring 36 ins. 
by 26 ins., and containing six 
60 watt lamps. 


A New Service Station and Show- 
rooms have recently been built at 
Coventry for the Standard Motor 
Co., Ltd., by Lee Beesley & Co., 
Ltd., to the specifications of F. A. 
Johnson, Esq., Works Engineer. 
The showrooms are floodlighted in 
colour by means of red ‘‘Osira’”’ 
floodlights and standard floodlights 
employing amber screens. 





























The Production of Air Movement 
by Electric Fans, 


By J. R. HENDERSON, B.Sc., 


Design Dept. Witton Engineering Works. 


Fig. 1._An installation of ceiling fans 
in the Calcutta offices of the Chartered 
Bank of India, Australia and China. 


HILST the importance of frequently chang- 
ing the air in a factory, public building or 
the home, so that it is maintained at a reason- 

able standard of purity, has been appreciated for many 
years, it is only in recent times that physiological 
research has demonstrated that purity by itself is 
Other equally important factors are 


insufficient. 


















Fig. 2._-One of the test cabins at Witton Engineering Works. 





temperature, and, more 
velocity. 

In the absence of complete air conditioning 
plant, which keeps the air inside a building under 
control as regards purity, temperature and humidity 
(although the need for air movement even in this 
instance is essential), the air indoors responds to 
external climatic and seasonal varia- 
tions so far as temperature and 
humidity are concerned, comfortable 
conditions may still be obtained by 
the use of electric fans of a suitable 
type, which are properly situated in 
the room. It is with this subject, i.e., 
the provision of moving air by means 
of electric fans and the nature of 
the air stream so produced, that this 
article is concerned. 

It is noticeable that in many 
otherwise  ffirst - class - ventilating 
schemes no movement of the air 
whatsoever at head level is provided, 
although the air is being changed 
marly times per hour. Thus, although 
the air is pure, and frequently 
much above the minimum standard 
of purity required, a feeling of 
“stuffiness’’ is experienced accom- 
panied by fatigue and loss of 
efficiency. It will be of interest 


humidity 


particularly, 


8a s0BReelsen bank 
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briefly to outline the reasons for this before pzssing 
on to a discussion of the means whereby essential 
air movement is obtained. 

The necessity for air movement is emphatically 
stressed in the Home Office Welfare Pamphlet No. 5, 
of which the following is an extract :— 

‘The importance of air movement to Physical 
Health cannot be too widely understood. Whether 
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Fig. 3.—-Typical velocity curve of ceiling fan. 


the air of a work-room contains impurities or not, 
atmospheric conditions, if monotonous and un- 
stimulating, may occasion fatigue, particularly if 
the air is very humid ; and no workroom, however 
lofty or spacious, will be satisfactory without 
adequate air movement. In the widest sense 
‘ventilation’ is effected not only by the means 
provided for changing the air, but by all means 
which impart movement to it. The temperature 
of the enclosing surfaces of a room, when it 
differs from the temperature of the air of the 
room, is a further factor which affects comfort. 
The human body generates heat continuously ; 
and to maintain the normal temperature of health, 
body heat must be continuously given off. The 
balance cannot be preserved without causing 
discomfort or strain unless atmospheric conditions 
are suitable, due regard being paid to other cir- 
cumstances, e.g., the proximity of hot or cold 
surfaces, the nature of the work and the degree 
of muscular effort required. Under ordinary 
conditions, body cooling is effected partly by 
direct radiation to colder surrounding objects, and 
partly by convection, i.e., by imparting heat to the 
air which comes in contact with the clothes and 
body. The air, therefore, is said to have a ‘cooling 
power. The unsatisfactory atmospheric con- 
ditions so frequently experienced indoors result 
mainly from a deficiency of cooling power. The 


August, 1937 


cooling power is increased when the temperature 
of the air falls and reduced when it rises, but it is 
chiefly increased by enhancing the rate of air 
movement. This fact is readily appreciated out 
of doors, but even within doors air movement, 
though less noticeable, plays a similar part, and 
deficiency of cooling power may often be remedied 
by setting the air in movement, most conveniently 
by means of fans or wafters. 

In hot rooms, air movement is even more 
important. Where the air is relatively dry, the 
heat balance of the body may, within limits, be 
maintained as a consequence of sweating, because 
body heat is lost by the evaporation of the moisture 
produced. If, however, the air is more humid, 
this evaporative power is less, and should the air 
while lacking movement, become saturated (so 
that it can take up no more moisture) evaporation 
from the skin and its resultant cooling effect 
becomes negligible. Increased cooling power 
by which comfort may be restored can then only 
be obtained by air movement. Even at more 
moderate temperatures, if there is lack of air 
movement, discomfort results because the air 
entangled in the clothes becomes saturated, or 
nearly so.”’ 

The nature of the air movement required is 
another important consideration. In the first place, 
much discomfort may be observed when air temper- 
ature at head level is relatively high compared with 
that near the floor, giving rise to the well-known 
“hot-head, cold feet’’ sensation. This may be 
mitigated by adequate air movement which will 
disturb and mix the air. Secondly, the velocity 
of the air movement should lie between 50ft. and 
200ft. per minute according to the prevailing temper- 
ature and humidity and, to a certain extent, individual 
requirements. It is actually impossible to lay down 
hard and fast rules concerning the optimum air 
velocity. An individual working under dry conditions 
may find a high velocity desirable when the temper- 
ature is high and a low velocity when the temperature 
falls. Other individuals, acclimatized to hot and 
humid conditions, while demanding some air 
movement, are extremely susceptible to draughts. 

It therefore follows that first, the air should be 
changed with sufficient frequency to provide a 
reasonable degree of purity and, secondly, the air 
Should be kept in motion by apparatus which must 
be flexible and capable of adjustment to meet varying 
conditions. 


METHODS OF PRODUCING AIR MOVEMENT. 


There are three main methods of producing the 
necessary air movement, as follows :— 
(1) High velocity streams of air produced by a 
system of ducts usually fed from an air 
conditioning plant. 
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(2) Table or wall-mounting electric fans of the 
propellor type. 
(3) Electric ceiling fans. 

These three methods will be considered in more 
detail. 

(a) High Velocity Jets. 

High velocity jets are commonly used in factories 
and works as part of an air-conditioning plant. 
The temperature and humidity of the air are regulated 
by special plant, and the conditioned air thus obtained 
is carried to the various sections of the factory 
through a more or less complicated system of ducts 
and air lines. As this system is outside the scope 
of this article it is not proposed to enter into any 
further description of it here. 

(b) Table Fans. 

For the home and small offices the table or 
bracket fan is successfully used to produce the 
required air-movement. By careful selection of the 
position in which the fan is placed and intelligent 
use of the regulator, these fans may be used to great 
advantage, either by themselves or to supplement 
an existing scheme of ventilation. They also have 
the advantage of being portable. 

The area over which table fans are effective can 
be increased by fitting oscillating mechanisms, some 
of which cause the fan to traverse the arc of a circle 
in a horizontal plane while others cause it to trace 
out an elliptical path. 
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Fig. 4.—-Illustrating increase in average velocity of 
an air stream obtained by an impellor. 


(c) Ceiling Fans. 

The ceiling fan with its relatively slow moving 
large sweep propellor is the ideal means of producing 
air movement in large rooms, and it is now becoming 
more usual to find such fans as a permanent part of 
the general scheme of ventilation in large offices, pub- 
lic buildings and the like. Owing to their slow speed 
they are particularly silent in operation as compared 
with table fans with their high propellor speed. 
Moreover, their power consumption is small, a 
56-inch fan consuming less power than a 100 watt 
lamp. When they are used with a regulator a wide 
range of speeds can be obtained. Local circum- 


stances may, however, make it inadvisable, for reasons 
of comfort, to run this type of fan at full speed. 
Air Stream Produced by Fans with Propellor Blades. 
A typical velocity radius curve* is shown in 
fig. 3. All ceiling fans produce a curve which 
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OF TEST ENCLOSURE 

Fig. 5.—Diagrammatic representation of standard 

fan test enclosure. 

closely follows the shape of that in fig. 3. By the 
use of special blades, the position of peak velocity 
may be moved an inch or two inwards or outwards, 
but not more. The air stream directed downwards 
is roughly a narrow central stream at high velocity 
surrounded by a low velocity annulus, which is 
indirectly induced and does not pass through the 
blades. 

A brief theoretical consideration of the air stream 
adjacent to the fan blades will show the reason for 
the characteristic shape of the velocity curve. 

In fig. 4 an air stream is considered as approach- 
ing an impellor of any sort, so that between XX and 
YY the average velocity of the stream is increased. 
To the left of XX and to the right of YY the air 
is at atmospheric pressure; streamline flow is also 
assumed. Therefore 

~ QV, = ~ Ave 
Where a, and a, are the cross sectional areas of the 
streams. Since it is shown that the average velocity 
has increased, it follows that Ya, is less than a, ; 
in other words the air stream contracts as it passes 
through the blades in inverse ratio to the increase 
in velocity. 

Under full speed conditions, it is evident that 
the velocity curve is not ideal for the purpose. The 
usual method of installing a ceiling fan immediately 
above the point to be cooled and then reducing the 
speed of the fan because the draught is too fierce, 
leaves much to be desired. There are other and 
more economical methods available. 

It is necessary when comparing “Service Values’’ 
*—Th> curve is obtained as follows. <A series of anemometer readings is taken 
= ealen of aneaiateln Haus tah Saeed ae eee See Te a na 
successive annulus is estimated. The area (a) of each annulus is known, oo Gat 


the gross air volume Nav can then be computed. The ratio a 
watts input 
(cubic ft. per min. per watt) is known as “ Service Value.” 
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Fig. 6._-Air velocity curves for desk and ceiling fans, 

the velocity being expressed as a percentage of the 

maximum velocity (taken as 100) when the fan is the 
diameter of the blade from the anemometer. 


to test ceiling fans at a distance of 10ft. from floor 
level with the anemometer 5ft. from the blade, as 
described in British Standard Specification No. 367, 
1932 (fig. 5 illustrating the construction of the 
standard test enclosure). It does not follow that 
fans should be installed at the height shown. With 
certain limitations the higher the plane of the blades 
the better the results, as an inspection of fig. 6 will 
show. This figure has purposely been drawn in 
general terms since the shape of the velocity curve 
is common to all sizes of fans. 

It will be seen that if there is sufficient room on 
the output side of the blades the energy in the 
central air stream is dissipated by entraining larger 
volumes of air at lower velocities. An investigation 
of the energy in the air stream confirms this state- 
ment. 

The kinetic energy of a moving particle of air is 
imv~, and since in the regions being explored the 
air 1S at atmospheric pressure, the total energy 
of a small volume of air can be found thus— 
Weight of air -077 lbs. per cu. ft. 

077 5 ov 
32-2” 840 
where v is expressed in feet per second. 


Energy = i/2 ft. lbs. per cu. ft. (1) 
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Considering an annulus in a horizontal plane at 
radius + and width 6r 
Area of annulus = 2zrér sq. feet. 
Volume of air 
passing through 
the annulus = 2rrérv cu. ft. per sec. (2) 
The product of equations (1) and (2) gives the 
power available in the moving air at this annulus. 
3 3 


v = 
340 27767 ft. lbs. per sec. or 620 
The power available on any horizontal plane is then 


3 
w= 


1.€., zor watts. 


v 
~ 62 

This expression is conveniently evaluated by 
considering each successive 3in. annulus, as in 
British Standard Specification No. 367. Fig. 7 
shows the velocity curves for a 56in. fan at three 
planes, 23ft., 5ft. and 10ft. from the plane of the 
blades. The watts in the air stream from the above 
expression are 31, 25 and 17-5 watts respectively, 
showing the dissipation in energy as the volume 
of air is increased. 

The volume of air moving at a distance of three 
diameters from the fan blades is approximately 
twice what it is at one diameter from the blade. 

The data given in the curves of fig. 6 can be 
applied with reasonable certainty to any size of fan, 
e.g., if a 60in. fan gives 600 ft. per minute maximum 
velocity at 5ft. from the blades, at 15ft. from the 
blades the peak velocity will be 70% of 600, i.e., 


- Qrr dr watts. 


800 
2'/2 FT. BELOW BLADES 
5 FT 
10 FT 
= 600 
= 
~ 
t 
WA IN AIR 
1 —| 31 WATTS 
> 400 
5 2 —| 25 WATTS 
° 3——17°5 WATTS 
WW 
> 
= 
q 200 
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Fig. 7.—Air velocity curves of 56 inch ceiling fan 
running at 220 r.p.m. 


420ft. per minute; but provision must be made to 
allow the air free entry to the blades, and as a guide, 
the minimum distance from the ceiling should be 
approximately 3ft. in the case of a 60in. fan and 18ins. 
for a 36in. fan. 

Where head room is restricted the high velocity 
stream can sometimes be directed where it may be 
allowed to break up without discomfort to the 
occupants of the room and yet contribute to the 
general air movement. An important example of 
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this kind of installation is the ceiling fan arranged 
to blow upwards. In such a case the fan should be 
installed with the blades as low as safety permits, say 
8ft. to 9ft. from floor level. Air is drawn upwards 
at low velocity over a wide area and directed t» the 
ceiling. This type of installation is becom‘ng 
increasingly popular in cafés and smokerooms. A 
typical velocity curve taken 5ft. below the blades 
is shown in fig. 8. 

In a small room a ceiling fan so installed will 
cause just as much gross air movement as the fan 
blowing downwards, and very much more than a 
fan blowing down at 40% to 50% of normal full 
speed. It should be remembered however, that the 
air stream is very easily diverted by obstructions 
and by the effect of adjacent fans, or natural 
ventilation. 

In large rooms some general scheme for the air 
movement over the whole area should be prepared 


with particular regard to the requirements of seated 
occupants. A useful scheme of air movement can 
very often be planned with a combination of fans 
blowing down and fans blowing up. In such a case 
speed regulators are, however, very necessary. They 
enable a wide range of local or seasonal variations to 
be met from fans of standard pattern. 


150 
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Fig. 8._-Air velocity curve of 56 inch ceiling fan blowing 
upwards, measured at a point 5 ft. below the blades. 





Electric Cooking and Lighting Equipment on the 
T.S.5. “Awatea.” 





On the right is seen the main 
galley of the ‘* Awatea,’’ equipped 
with electric cooking equipment. 


The accompanying illustrations show 
part of the comprehensive cooking 
and lighting installation on the T.S.S. 
‘‘ Awatea,’’ of the Union Steamship 
Co., Ltd., of New Zealand. On the 
left is a view of the first class lounge 
showing some of the lighting fittings. 
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Electrical Equipment in a Modern 
Newspaper House in Australia. 


By H. GLENN 
Resident Engineer, Perth Branch of the British General Electric Co., Ltd., Australia. 


NE of the largest and best equipped newspaper 
buildings in the Southern Hemisphere 
is that recently completed at Perth, Western 

Australia for the production of “‘The West Australian,”’ 
“The Western Mail’ and “The Broadcaster.”’ 
“The West Australian’’ has now been published for 
over 100 years and it is worthy of note that its cen- 
tenary in 1933 fell but a few years later than the 
centenary of the state in which it circulates. It 
has therefore come to be regarded more as a 
public institution than a private enterprise. 


THE NEW BUILDING. 


The progress of “‘The West 
Australian’’ during the last decade 
has been such that the building in 
which the newspaper was produced 
until 1933 became entirely inade- 
quate and as a consequence plans 
for a larger and imposing new home 
were put in hand. The new 
building has been laid out so as to 
meet all the requirements of modern 
newspaper production. 

The equipment of the building 
is such that it is completely self- 
contained and if necessary can be 
operated independently of any out- 
side source of power supply. For 
this purpose an emergency power 





Fig. 2.—Artificial lighting of the composing room, illuminated by over 


300 dispersive refiectors. 


and lighting plant is provided, while the addition 
of engineers’ and carpenters’ workshops enable 
possible breakdowns of machinery to be dealt with 
on site. In view of the varied activities which 


are carried on simultaneously, it was necessary to 
provide sound-proof rooms in which work that 
requires silence and close concentration would not 
be interfered with by the noise of the printing 
presses. The walls and ceilings of certain rooms are 
therefore constructed with material which absorbs 
and deadens sound. 





Fig. 1.—General office in ‘*‘ Newspaper 

House,’’ the new premises of ‘* The 

West Australian’’ and ‘* The Western 
Mail.’’ 


Adequate light and ventilation 
are of paramount importance in a 
newspaper office. These have been 
provided for by constructing the 
building in the form of an island 
block so that the maximum amount 
of natural light is obtained. In a 
department such as a composing 
room, where light is most needed, 
windows have been made to extend 
round the entire length of the walls. 
This is augmented by a lantern light 
over the full length of the roof. 
Intense and even artificial illumina- 
tion has been provided by a battery 
of electric lamps fitted in dispersive 
reflectors (see fig. 2). 
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The accompanying short descrip- 
tion and illustrations show some of 
the many applications of electricity 
to the production of a newspaper. 


























STANDBY GENERATING PLANT. 
In the production of a news- 
paper, continuity of electrical power 
for driving the main presses and auxil- 
lary machines is essential. The 
electrical supply is normally obtained 
from the town’s mains, but for emer- 
gency use two 300h.p. Diesel engines 
are installed each driving a 200 kVA 
alternator (fig. 3). These alternators 





Fig. 3 (above).—-General view 
of the standby generating 
plant, comprising two 300-h.p. 
Diesel engines, each driving 
a 200 kVA G.E.C. alternator. 





Fig. 5 (right).—One of the 
power sub-switchboards, con- 
trolling motors driving 
printing machinery and auto- 
matically controlling the 
electric stereo heating pots. 
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have sufficient capacity to take the full load required 
for newspaper production in cases of emergency. 


MAIN SWITCHBOARDS. 


The incoming supplies from the town mains and 
from the standby generating plant are taken to a 19 
panel marble switchboard (fig. 4) 42ft. long. Dupli- 
cate busbars are provided so that all feeder circuits 
can be supplied from either the town mains or the 
standby plant. From the switchboard feeders are 
taken to various parts of the building and connected 
to 44 lighting, heating and power sub-switchboards 
(figs. 5 and 6) distributed about the building. 

Power is required throughout the building to 
supply 1,270 lights, upwards of 130 motors ranging 
in capacity from 125 h.p. downwards, 181 heating 
points, 5 electric lifts, in addition to the usual bells, 
indicators, ventilating and signalling devices and the 
like. 

The motors drive the following equipment :— 


Fig. 4.—The main 21-panel switchboard, equipped 
with triplicate busbars so that any feeder can be Main presses, octuple presses, plate conveyor, stitch- 


fed from the public supply or from the standby 


; po. 
generators. ing machines, guillotines, engineers’ workshop, flat- 
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bed presses for illustration and colour 
work, air compressors and water pumps, 
linotype machines, “Autoplates,’’ ‘Auto- 
shavers,” ventilating fans, lifts, rewinding 
machines, routing machines, saws and 
bevellers. 


MAIN PRINTING PRESSES. 





Situated below the composing room is 
the machine room, which is probably the 
most interesting section of the building and 
certainly the key department of a newspaper 
office. Here are installed ten unit Crabtree 
high speed presses (each with an hourly 
output capacity of 60,000 copies of ‘‘ The 
West Australian’’) and two pairs of folders. 
There are, in addition, two octuple presses 





Fig. 6.—One of the sub-switchboards 
controlling motor driven lighting and 
heating circuits. 





















heights for plating up. Four, six, 
eight, ten, twelve, fourteen or six- 
teen page papers can be printed at 
a running speed of 60,000 copies an 
hour. The running speed for 18 page 
to 48 page papers is 30,000 copies an 
hour, and for papers of from 50 to 96 
pages is 15,000 copies an hour. Two 
pairs of high speed folders for each 
press deliver papers folded to half 
size and counted in fifties. A feature 
of interest is the modern inking 
devices employed ; by turning any one 





Fig. 7.—250 h.p. main motor and 
auxiliary motor driving one of the 
five main printing presses. 
used for printing ‘The Western AP 
Saw 
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the fact that the ten unit press alone 
weighs 400 tons, while each of the 
two octuple presses weighs 60 tons. 

Each of the large presses com- 
prise six units and two pairs of 
folders. The six units, each four 
plates wide, are placed at convenient 


Fig. 8.—Contactor switchboard controlling motors driving main 
printing presses. 
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of a number of keys the machinist can regulate the 
flow of ink to any column of any page being printed. 

The presses are each driven by a main motor 
of 125 h.p., together with a 25 h.p. auxiliary motor 
(see fig. 7) which 1s employed for inching and slow 
running. The auxiliary motor drives the press 
through a worm reduction gear on to the main motor 
shaft. The main motor, however, is employed to 
drive the press between one-third full speed and 
full speed. Automatic contactor operated switchgear 
(fig. 8) controls the various operations of the presses, 
each of which has 16 push buttons mounted on it 


245 


chamber it is thoroughly and evenly cooled by a 
water cooling system which ensures a continual 
flow of water through the back and front of the 
chamber. A clutch lever controls the mechanism 
which rotates the cylinder, sawing and bevelling 
the plate as it revolves. A view of one of these 


automatic stereo machines is shown in fig. 9. 

‘The West Australian’”’ was the first paper in 
Australia in which the heating of the stereo metal 
was effected by electricity. A heavy heating unit 
is embodied in the metal itself and is automatically 
controlled. 
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Fig. 9.—View showing, on the left, an ‘‘Autoshaver’’ machine driven by a 


ae 


Seite 
eee tare: 
So 2 Se See ES ie 


4 h.p. motor and, on the right, one of the two ‘*Autoplate’”’ 
machines, each driven by a 7} h.p. motor. 


at various convenient positions so that the 
machinist is able to exercise full control at any 
point. 
STEREOTYPE PLANT. 

For the production of the half cylindrical stereo- 
type plates for the rotary presses, two twin “‘auto- 
plates’’ are installed. These machines cast and 
bevel plates at the rate of four per minute. Each 
machine is equipped with a two-pot furnace with a 
total capacity of 40 tons of stereo metal and is 
capable of casting from 80 to 130 plates per night. 
When the molten metal is pumped into the casting 


In conclusion it should be stated that the erection 
of this plant was carried out by the staff of “The 
West Australian’’ under the superintendence of 
Mr. T. H. Brown, Mechanical Superintendent, and 
the Electrical Engineer, Mr. W. H. Mason. The 
power plant and switchgear were manufactured by 
the G.E.C. at Witton Engineering Works. The 
driving and control equipment of the rotary presses 
and the stereotype machine were manufactured and 
supplied by the Witton-James Co., Ltd. (an Assoct- 
ated Company of the G.E.C.), while The British 
General Electric Co,, Ltd., of Perth supplied all the 
electric wiring, conduit and electric fittings. 
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A -, * C) C K H.M.S. Cumberland and H.M.S. Suffolk have 


both recently been equipped with two 
Babcock & Wilcox Cranes for handling 
C R A N b © seaplanes and motorboats. 
In addition to cranes specially designed 
FOR HANDLING for fitting on board ship, we manufacture 


ively all kinds of for dockyards. 
SEA PLAN E S ie weitknown Babcock Level Luffing Jib 


a ae Cranes are the ideal medium for the rapid 
eed i, | transference of light or heavy loads between 
i dock and ship. The adaptation of the level 


luffing device to Sheer Legs enables heavy 
machinery to be placed on board vessels 
at much greater speed and with greater 
precision than is possible with the ordinary 
type of Sheer Legs. 

Where heavy lifts are required at varying 
parts of the docks our floating cranes offer 
Outstanding advantages. 
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BABCOCK ‘& WILCOX LIMITED. 


BABCOCK HOUSE, 34 FARRINGDON STREET, LO-N DON ,':6.0.4. 
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